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Editor's Note 

The 1983 Meeting of the International Collaboration on Advanced Neutron 
Sources had 68 participants from North America, Europe and Asia. Of the 56 
papers presented orally, 48 are printed in the proceedings. Although authors 
were given extended deadlines, for a number of reasons it was not possible to 
print all contributions to the meeting. Summaries of each session are not 
included because only three of the nine required were received. 

Two contributions, one on status and one on advanced concepts, are not 
included in the proceedings, at the request of the authors, because excellent 
reviews have been published elsewhere recently. ASTOR was described in IEEE 
Trans. Nucl. Sci., Vol. NS-30, No. 4, August 1983, 2083 (Proceedings of the 
1983 Particle Accelerator Conference) - "ASTOR, Concept of a Combined 
Acceleration and Storage Ring for the Production of Intense Pulsed or 
Continuous Beams of Neutrinos, Pions, Muons, Kaons and Neutrons" by W:Joho. 
ZEBRA/EMTF was described in Atomkernenergie-Kerntechnik;Vol. 44, No. 3, 177 
(1984) (Proceedings of June 1983 ICENES Conference) - "An assessment of 
Accelerator Breeding - Economics, Developments and a Staged Program" by 
S.O. Schriber and Atomic Energy of Canada Limited, Report No. AECL-7840 - 
"Canadian Accelerator Breeder System Development" by S-0. Schriber. 

I wish to thank the authors for submitting manuscripts which followed mailed 
instructions. This made assembly of the proceedings much easier and helped to 
contribute to an overall reduction in the number of pages for the 
proceedings. The manuscripts have been reproduced in the form supplied by the 
authors, so that we may present each contribution in the manner chosen by 
them. 

The conference banquet speaker was J. Archie L. Robertson, Director of Program 
Planning for Atomic Energy of Canada Limited, Research Company Head Office, 
Ottawa, Ontario. On behalf of the attendees I would like to thank him for an 
entertaining and enlightening talk on research and development including the 
use of neutron sources. 

Members of Physics Division, Public Affairs Office, General Services Division, 
Operations Division, and Reactor Physics Branch are thanked for their many 
efforts in making the conference a success. 

Mrs. Margaret A. Trecartin deserves much credit for her cheerful assistance, 
gentle nudging on proceedings matters and preparation of material for the 
proceedings. 

Stanley 0. Schriber. 
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Proceedings of International Collaboration on Advanced Neutron Sources (ICANS-VII). 1983 September 13-16 
Atomic Energy of Canada Limited, Report AECL-8488 

The F&Q-Project 

Status report as of August 1983 

G. s. Bauer 

Projektleitung Spallations-Neutronenquelle 

KFA JOlich, D-5170 Jtilich, FAG 

1. Development of the SNQ-concept 

The SNQ-project, with SNQ standing for the German term 

“Spallations-Neutronen-IJuelle” (spallation neutron 

source) went through a fairly lengthy analysis phase 

during the years 1979 through 1982. During this period 

the goal was defined to substitute a new high flux neu- 

tron source for the slowly aging German low to medium 

flux research reactors, most of which were more than 

20 years old and could no more be considered as meeting 

modern research needs in a satisfactory and economic 

way. A feasibility analysis was carried out jointly by 

the two national research centres at Karlsruhe (KfK) 

and at Jiilich (KFA), demonstrating that with present 

day technology and some additional development work a 

spallation neutron source could be built whose effec- 

tive time average thermal neutron flux is equivalent 

to that of an advanced thermal high flux reactor (i.e. 

of the order of 10 
15 cm-2s-1 ), but which, by virtue of 

a pronounced time structure and a broader range of 

scientific use , has a much higher performance paten- 

tial. The concept included a proton linac with 5 mA 

time average current operating at 100 Hz repetition 

rate and a target station with one H O-moderator 2 for 

thermal neutrons with good time structure and a D20- 

tank to provide good conditions for a cold neutron 

source and for irradiation facilities. It was described 

at previous ICANS-meetings and in a formal study report 

(Eiauer et al, 1981; Vetter, 1981) as well as in several 

papers (e.g. Bauer and Vetter, 1983; Bauer, 1982). In 

order to make possible much shorter proton pulses at 

high intensity than can be obtained from an rf-linac, 

the addition of a proton pulse compressor was studied 

(e.g. Schaffer, 1981). 

Two alternative concepts for a stepwise realization of 

the project were subsequently considered: 

Concept 1 

Concept 2 

aimed at providing short high energy proton 

pulses at the‘earliest possible stage to 

estabIish good experimental conditions not 

only for neutron scattering but also for 

other uses of the facility such as neutrino 

research and uSR. For this goal a 0.5 mA 

time average rapid cycling synchrotron with 

200 MeV injection energy which could later 

on be converted into a proton pulse com- 

pressor at a much higher injection energy 

(1100 MeV) and 5 mA time average current was 

studied by a joint ANL-KFA working group 

(1983). It was shown that, although at the 

limit of technical feasibility, such a 

machine could be built with a reasonable 

level of confidence but at relatively high 

cost. However, only a small fraction of the 

capital investment would be lost, if, in 

stage II, a high current linac was added and 

the synchrotron operated in a non - or only 

slightly - accelerating mode for pulse com- 

pression. 

was to start with the high current linac from 

the very beginning but to equip it with the 

(costly) rf-power generation system only for 

some intermediate proton energy (350 MeV or 

above) in stage I. Stage II would then com- 

plete the linac for 1100 MeV and add a pro- 

ton pulse compressor. This concept was stu- 

died by a newly established team at KFA 

Jtilich. With respect to the original re- 

ference accelerator concept, a number of 

changes were made to facilitate achieving 

the above goal by providing added flexibility 
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and making the design parameters more attrac- 

tive for the proposed use . The most impor- 

tant change in this latter respect was the 

increase of the pulse current from 100 to 

200 mA with a simultbneous shortening of the 

pulse length from 500 to 250 ps. 

A meeting of the SNQ-scientific advisory board was 

held in February 1983 to discuss the two concepts and 

to the end the analysis phase of the project by a 

decision, which way to follow. 

Since the scientific merits of both concepts seemed 

to balance out in stage I, it was decided to gci the 

apparently more direct and probably cheaper way of 

starting with the high current 

cept 2). 

2. The neutron source DIANE 

With the new linac parameters, 

SNQ (without pulse compressor) 

Accelerator 

Time average prutCn aJrrent 

Pulseo~rent 

Pulse rqetiticn rate 

Pulse tiratiffl 

Final pmtal enqy 

Target station DIANE 

Target rmterial 

Target cwlant 

mr dissipation in target 

&%rators 

linac in stage I'(con- 

the design goals of the 

are now as follows: 

5m4 

2aind 

103Hz 

25o(Ls 

1.1 Gev 

Tjrre average thermal neutron flux in rrdXat.OrS 

peak tl-enml neutron flux (H2M&rator) 

depleted U 

H2° 
10-12 r"Ll 

H20 a-d D20 

1.2.1015an-2s-1 

5.1016m-2s-l 

It is planned to operate the target station DIANE of 

the SNQ as an intensity modulated source with both, 

high peak and high time average flux, i.e. without 

poisoning or decoupling the moderator. This philosophy 

has been discussed at various ICANS-meetings and a 

summary may be found in a 

Nevertheless, the changes 

the decision to develop a 

considerable improvements 

of the neutron source. 

recent paper (Bauer, 1983). 

in accelerator concept and 

uranium target let us expect 

in the overall performance 

Relative to the data in the reference study, the goals 

in neutron flux have changed significantly: 

The effective time average flux is up by almost a 

factor of 2, which results from the use of depleted 

uranium rather than lead in the target. With respect 

to the effective peak flux in the pulse, the increase 

is almost fourfold, resulting from the combined effects 

of the use of uranium and the shortening of the proton 

pulse. The effect of the duration of the proton pulse 

on peak flux and thermal neutron pulse shape is shown 

in Fig. 1. 

8 

6 (tr 1 T=lOms 

exp.:T=80-ml!z 

Tima 

Fig. 1 Dependency of the thermal neutron peak flux 

in the H20-moderator of DIANE on the dura- 

tion of the source pulse ts at constant neu- 

tron production. Also shown is the shape of 

the pulses for source pulses of ts z 1, 250 

and 500 vs. 

In this figure, one single decay constant r--120 ps 

has been assumed as a result of experimental investi- 

gations with a fairly realistic mock-up at the SIN 

cyclotron as reported at the previous ICANS meeting 

(Bauer et al, 1983a). Earlier estimates had been based 

on ~-200 p,s. No new data.for the time constants in the 

D20 have been measured. Using the ones reported at 

ICANS-V (Bauer et al, 1981) for a U-target (-r1=440 ps, 

T2Z5000 ps, 01=97%, Q2=3?L) we obtain the pulse shape 

shown in Fig. 2 for the D20-case in comparison to the 

one in the H20-moderator. 

The peak-to-average flux ratio in the (unperturbed) 

D20-tank follows as 13,3, as compared to 7.9 which 

was expected for a Pb-target. This is attributed to 

the strong absorption of thermal neutrons by the large 

U-target. 



Fast Hz0 Moderator 6/ 6 = 35 

DzO Moderator 616: 13.3 

Time (ms) 

Fig. 2 Expected pulse shapes in the H20- and D20- 

moderators of DIANE with U-238 target. 
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As a result of measurements carried out at the SATURNE- 

accelerator in Saclay, France, with variable proton 

energy (Eauer et al, 1983b), we anticipate a 4.25-fold 

reduction in neutron flux when working with 350 MeV 

proton energy instead of 1100 MeV, with no changes in 

pulse shape or peak-to-average ratio. 

3. Target related research and development work 

Since this topic will be the subject of various presen- 

tations at this meeting, only a brief survey shall be 

given here: 

The decisions to (a) start with a proton energy as low 

as 350 MeV and (b) develop a uranium-target were of 

considerabie impact on the R+D-work related to the 

target. New calculations on production of radioactivi- 

ty and heat deposition and on the resulting stress 

distribution had to be initiated. As will be shown in 

a separate paper (Filges et al, 1983) the low proton 

energy produces a strong peak in heat deposition at 

the end of the proton range. The consequences of the 

SNQ staging programme on the target design will be 

discussed by H. Stechemesser (1983). Since there are 

considerably more radioactive isotopes produced in 

a U-target than in Pb, handling and safety aspects 

had to be reconsidered (Thamm, 1983). 

The high pulse power in the SNQ proton beam has the in- 

evitable consequence of high heat density and hence a 

noticeable temperature increase during each pulse in 

the target. Although the number of cycles per unit time 

and the resulting mean operating temperature are 

strongly reduced by the target rotation, the effect 

of this thermal cycling on the structural integrity 

of the target material is a matter of concern. W. 

Lohmann (1983) is going to report on work which we 

have initiated to obtain more information on this 

problem and to develop a clad target element which can 

stand the thermomechanical and radiation load for at 

least two years of operation. 

Another problem to which we devoted considerable theo- 

retical effort was the question of appropriate target 

shielding and the effect of penetrations through the 

shield. The implementation of an appropriately coupled 

code system for this purpose will be discussed by 

Cloth et al. (1983) in this meeting. 

4. The SNQ accelerator 

Although-a more detailed report on the new SNQ accele- 

rator is given in a later paper at this meeting 

(Schc lten and Zettler, 19831, it shall be described 

here briefly: 

The concept is shown schematically in Fig. 3. 

0.05MeVMe” -100 MeV 
RFQ- Funneling- Alvarez-accelerator 
acceterator sechon with (200 MHz1 
(100 MHz1 buncher and 

pulse shaping 

Fig. 3 Schematic illustration of the 

rator. 

. 1100 MeV 

Single covi ty 
accelerator (200 MHz1 

SNQ rf-accele- 

Two ion sources operating in parallel with an extrac- 

tion voltage of 50 keV inject into two RF&structures 

which run on 100 MHz rf-frequency with a relative 

phase shift of 180 degrees and accelerate the beams 

to an energy of 2 MeV. In a funneling section which 

includes devices for bunching and pulse shaping, the 

two beams are merged together according to the “zipper 

principle”, which results in a pulse sequence of 

200 MHz. This is exactly the frequency on which the 

subsequent Alvarez structure operates, which means 
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that each of its rf-buckets is filled for optimal 

accelerating efficiency. At an energy around 100 MeV 

the Alvarez-structure becomes rather inefficient and a 

different accelerating structure is used. A single 

cavity structure with a separate rf-amplifier for each 

cell ir: under study for the SNQ linac. Some reasons 

for this choice will be given below. It is intended to 

install only part of the accelerating structure initi- 

ally to limit the overall cost until the first neutron 

producing stage can be reached and to gain experience 

in operating the facility at reduced power and beam 

energy. While incorporating essential new parts such 

as the low energy end and the funneling section, this 

allows further studies concerning the optimisation of 

the high energy structure (e.g. superconducting cavi- 

ties). 

The RFQ, which has been selected for the low energy 

end is generally considered a major improvement in 

accelerator technology. Since it uses electrostatic 

rather than magnetic focusing, it can handle beams of 

very low velocity. Due to a peculiar shaping of the 

edges of the four vanes which constitute the electric 

quadrupole, the structure is able to trap slow protons 

at low velocities with high efficiency, focus the beam, 

bunch it, and accelerate it to energies much higher 

than what can be achieved with dc-preacceleration at 

high currents. Although under development at various 

laboratories, this structure is still very new and no 

experience on its reliability and operating perfor- 

mance is yet available. 

The funneling section, whose overall length will be 

about 11 m will contain beam chopping devices and 

several bunchers and rebunchers to maintain the micro- 

pulse structure of the beam over the whole distance. 

Merging of the two beams is achieved by a series of 

bending and septum magnets and an rf-deflector. The 

latter operates at 100 MHz and will give a kick in 

opposite directions to the microbunches arriving at 

180 degrees phase intervals. So far, funneling has not 

been used on existing accelerators. 

Alvarez accelerators of 200 MHz have been operating 

successfully and reliably at various laboratories over 

many years now and even pulse currents of 300 mA have 

been achieved, although for a pulse duration short 

enough to allow running off the stored energy in the 

cavities. This will not be possible in the SNQ-Alva- 

rez. This is why well controlled distributed power 

feeding into the structure during the macropulses will 

be required, together with the usual measures to 

achieve a finite group (i.e. energy flow) velocity 

along the accelerator by two overlapping pass bands. 

A single cavity structure with separate rf-feeding 

into each cell has been chosen for the high energy 

part of the accelerator for a variety of reasons: 

With a coupled cavity structure, the mechanical dimen- 

sions of the cavities have to be matched to the velo- 

city of the particles (as in the Alvarez structure). 

This is because a whole set of cavities is resonating 

with fixed rf-phase from one common feeder line. As 

a consequence the energy of the beam is predetermined 

at each point of the accelerator and no variation is 

possible (fixed D-structure; I3 is the ratio between 

the velocity of the particles and the velocity of 

light). Hence, if at any position the energy gain is 

significantly less than the design value, the beam 

will be out of phase with the rf in the rest of the 

accelerator, which means that operation cannot continue. 

In contrast to this, with a single cell structure 

(variable O-structure) the relative rf-phase between 

cavities is controlled by electronic means and can be 

changed very rapidly. 

With respect to the rf-supply to the accelerating gap, 

the optimally distributed feeding points with the 

single cell structure offer the important advantage 

that no energy flow along the accelerating structure 

is necessary. 

The rf-amplifiers are relatively low-power units but 

large in number. Thus, if one or a few of them fail, 

the phase in the following cavities can be readjusted 

to the new local beam velocity and operation can con- 

tinue with virtually no interruption. Suitable provi- 

sions for automatic exchange of rf-amplifiers with the 

accelerator in operation will be made. In order to 

avoid high induced voltage by the beam accross the 

gap of those cavities, whose rf-feeding has failed, 

electronic detuning of the cavity is studied. In this 

way it becomes possible to continue with the operation 

of the linac even if one or several rf-systems do not 

work. Rapid exchange of units and off-line repair will 

contribute to this. 

Apart from the prospect for a high availability of 

the accelerator, the fact that the single cell struc- 

ture can accelerate the beam with a variable output 

energy constitutes important advantages for the SNQ- 

accelerator: 

- By reducing the voltage accross the accelerator gaps, 
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more economic operation of the accelerator becomes 

possible, although at lower output energy. Since the 

losses in the accelerator are proportional to the 

square of the electric field whereas the output 

energy (and the neutron production) depends linearly 

on it, optimization of the operating parameters is 

possible. This is of particular interest, if a post- 

accelerating proton pulse compressor (e.g. an FFAG, 

see below) becomes available. 

- With only part of the accelerating structure in- 

stalled in stage one (say for a final energy of 

350 MeV at 5 mA beam current), it is still possible 

to produce a higher output energy at a reduced 

current mainly by readjusting the rf-voltage accross 

the accelerating gap (increasing the accelerating 

gradient). Since this means an increase in the losses 

in the cavities, the current that can be accelerated 

goes down, as shown in Fig. 4. Of course, as shown 

by the dashed curve, also the neutron yield in the 

target will be reduced. Nevertheless, this option is 

an important feature to study the next step in a 

staged development program at reduced intensity. 

O- I . 0 
300 LOO 500 600 

Output energy (MeVI 

Fig. 4 Dependency of the current, that can be acce- 

lerated, on the output energy in stage I of 

the SNQ-accelerator. The dashed curve shows 

the resulting decrease of neutron yield in 

the target. 

- Some of the non-neutron users (e.g. nuclear physics 

experiments, cross section measurements etc.) may 

want to work with an energy that is variable over 

a certain range. This is much more difficult with 

a coupled cavity structure. 

- In some cases very short pulses, of the order of 

individual bunches, are desired for special pur- 

poses. Rather than cutting out just one bunch at a 

time, a method is studied to increase this intensity 

by time-focussing several of them by letting them 

pass through some low frequency (e.g. 20 MHz) cavi- 

ties which are phased in such a way that the first 

half of the series is decelerated, the other half 

accelerated in proportion to their distance from the 

centre of the sequence. After passing a certain drift 

space (inactive cavities), the microbunches can thus 

catch up with one another and combine to one short 

pulse of correspondingly higher intensity, which can 

be further accelerated in the following cells. 

Last not least, the accelerating cavities (and rf- 

amplifiers) can be manufactured in relatively large 

series rather than individually as in the case of a 

fixed D-structure. 

Tetrodes are presently considered as the most economic 

solution for the rf-amplifiers, but their life time 

is limited and some development in the field of rf- 

amplifiers is highly desirable. This is also true with 

respect to power losses, because the largest fractio- 

nal losses occur in the rf-generation system as can 

be seen from the diagram of anticipated power flow 

shown in Fig. 5. 

6MW 8.5MW 4HW 

Beam transport RF-Generators Cavtty walls 
lmagnetsl, Power SupplIes, 

Vacuum pumps, RF feedIng lines 
ventllatlon and 
refrlgerotlon 

Fig. 5 Approximate energy flow scheme for the SNQ- 

accelerator. 

5. The proton pulse compressor 

While the concept of DIANE aimes at improving experi- 

mental conditions for all sorts of neutron scattering 

techniques over those at a high flux reactor, i.e. 

also for non-time of flight techniques, most other 

spallation neutron sources have been designed as pulsed 

sources, utilizing the source pulse as the first reso- 
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lution element in time-of-flight techniques. This has 

several attractive advantages, in particular if neu- 

trons in the epithermal energy range are to be used. 

It is mainly for this reason, that a concept for an 

isochronouns compressor ring (IKOR) had been worked 

out in the first SNQ-study. Since the slowing-down 

time even to energies of several eV is of the order of 

several microseconds, there seemed to be little incen- 

tive to go to much less than one microsecond in the 

duration of the proton pulses. During the study work 

it became more and more obvious, however, that other 

scientific disciplines such as uSR and neutrino phy- 

sics utilizing the beam stop neutrinos could benefit 

considerably from even shorter pulses. Therefore the 

goal was set to 200 ns for the synchrotron - which 

would act as proton pulse compressor later on - 

studied by the ANL-KFA working group (1983). This 

study showed, that such short pulses could probably be 

produced but would require a compressor ring equipped 

with an rf-system (which was not the case at IKOR). At 

a workshop held at KFA in Feb. 83 (Martin and 

Wilstefeld, 1983) it became obvious that the concept of 

a fixed field alternating gradient synchrotron-which 

was under study at Argonne National Laboratory had a 

potential to serve the same purpose at probably lower 

cost and with added flexibility. For the SNP-project 

this scheme looked particularly promising because, by 

going to a lower accelerating gradient in the SNQ 

linac, i.e. to an injection energy into the FFAG some- 

where between 400 and 600 MeV, the linac can operate 

much more economically than at the full design gra- 

dient of 3 MeV/m. Thus, if the FFAG could be designed 

to handle more or less the full linac current by choo- 

sing a suitable injection energy and using it as a 

post-accelerator to a final energy which might even be 

higher than 1.1 GeV, say 1.5 to 1.6 GeV, the system 

looks very attractive, especially also in view of the 

rapidly increasing pion (and hence muon and neutrino) 

production rate at this energy, even if the current is 

reduced in such a way, that the neutron flux remains 

constant. 

These considerations lead us to form a study group, 

who, as a first step, examine the possibilty of sca- 

ling the ANL - FFAG design to our parameters and de- 

termine the conditions, under which such a machine 

could operate. The results obtained so far seem quite 

encouraging. However, much more work including non- 

linear calculations is needed before a technical de- 

sign can be tackled. 

From Fig. 1 it can be seen that even with very short 

source pulses, and under the assumption that a U-tar- 

get can still be used, the thermal neutron peak flux 

can increase only by about a factor of two relative 

to the one for a 250 us-pulse. At the same time it be- 

comes slightly more difficult to phase the choppers 

needed for time-of-flight experiments. However, since 

- in contrast to choppers at pulsed sources - these 

choppers will not serve as time-of-flight monochroma- 

tars but rather as pulse shapers for a monochromatic 

beam, the phasing problem is much less serious. Only 

the intensity of the pulse may vary slightly. 

On the other hand it might become desirable to equip 

the SNQ-facility with a pulsed source at some date. 

This could either be achieved by building a second 

target station with poisoned and decoupled moderators 

or by replacing the DIANE H20-moderator by a diffe- 

rently designed one. 

6. Near term outlook 

With the analysis phase of the project terminated in 

Feb. 1983 by the decision, which staging concept to 

follow, the project is now in its system definition 

phase, in which more detailed studies of system compo- 

nents are carried out and preliminary designs and spe- 

cifications are developed. An R+D-program is defined 

and preliminary manufacturing and test ‘requirements 

are assessed. This phase is due to end in December 1983 

at which time a report will be produced,describing a 

specific concept for further detailed design, prelimi- 

nary specifications and preliminary schedule, resource- 

and management-blans. The design phase, during which 

the project design and specifications including manu- 

facture, test and operating plans have to be established 

as well as a construction schedule with a detailed work 

break down structure will essentially end in spring 

1985. This date was set by a recent letter from our 

Minister for Research and Technology which also con- 

tained the statement that the SNQ was to be part of the 

ministry's medium term financial planning. A final de- 

cision on the construction of the facility was 

announced for summer 1985. In preparation of this de- 

cision a final project plan which should also contain 

realistic cost estimates was requested. 

. 
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STATUS REPORT ON THE WNR/PSR PULSED SPALLATION NEUTRON 
SOURCE AT THE LOS ALAMOS NATIONAL LABORATORY 

Charles D. Bowman 
Los Alamos National Laboratory 

P.O. Box 1663 
Los Alamos, NM 87545 

INTRODUCTION 

The Los Alamos National Laboratory is constructing 
a high intensity spallation pulsed neutron source for 
neutron scattering and nuclear physics research. The 
facility will accept beam from the Clinton P. Anderson 
Meson Physics Facility (LAMPF) and accumulate it in 
the Proton Storage Ring (PSR) now under construction. 
The proton beam will then be ejected in intense bursts 
and transported to a neutron-production target that 
will be an upgrade of the existing Weapons Neutron 
Research (WNR) target. The initial design objective 
for 198f is an average neutron production rate of 
1.2 x 10 6 n/s over 4n with a pulse rate of 12 pps. 

Fig. 1 is our most recent drawing of the WNR/PSR 
facility. The principal elements for the future are 
identified as the beam transport channel from LAMPF(C), 
the Proton Storage Ring(31, and the WNR target area(l). 
Major changes in the facility are planned that will 
significantly change the appearance of the facility 
around the target. These are described in this report. 

A neutron scattering research program was begun at 

5": lk# n/s. 
in 1982 at an average source intensity of 

Research at the WNR will continue 
throughout the construction period with primary 

emphasis on developing new fields of research that can 
be studied with intense pulsed neutron' sources and on 
construction of the new class of spectrometers required 
for pulsed neutron scattering research. We believe 
that all elements necessary to complete a world class 
center for pulsed neutron scattering will be in place 
in 1986; an unsurpassed proton source, an optimally 
designed neutron-producing target, new space for accom- 
modating experiments, and an array of new spectrometers 
specially designed for pulsed neutron scattering 
research. Planning is underway for neutron intensity 
enhancement by as much as a factor of 10 beyond the 
1986 objective. 

FACILITY STATUS 

The WNR facility has operated well over the past 
year for both neutron scattering and nuclear physics 
experiments. About 60% of the beam time has been 
devoted to the 5-usec long pulse for the neutron 
scattering and about 40% to the 0.2 ns microstructure 
mode for nuclear physics. A summary of the operation 
for the most recent running period is given in Table I. 
During this period, the WNR operation was restricted 
to nights and weekends because of the construction of 

6 
7 

Fig. 1 Overview of the WNR/PSR Facility. With the completion of the PSR building (31, the facility presently 
appears very much as it is now. Major additions to the experimental area will significantly transform the 
appearance outside of the WNR target area (1). 
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Table I W R 1982-83 Operating Surmnary* 
r May 82-February 831 

Scheduled Operating Time 3066 Hours 
Beam Available from LAMPF 2778 Hours 
Beam Available for WNR Experiments 2696 Hours 
Overall Availability 88% 
WNR Efficiency 97% 

* 
Daytime/Weekend-only operation due to PSR 
construction. 

the building to house the PSR. Clearly the multiplexed 
magnet system, the WNR beam transport, and the target 
are operating excellently with only 3% down time. The 
construction of the building to house the PSR will be 
finished ahead of schedule. We received beneficial 
occupancy of the magnet ring hall in August. 

The experimental program has been going well. 
Several new spectrometers operated very effectively 
resulting in a major improvement in research 
productivity. Presently operating spectrometers 
include a single crystal diffractometer, a constant-Q 
spectrometer, a beryllium difference spectrometer and 
an eV inelastic scattering spectrometer, the latter in 
collaboration with the SNS laboratory. A general 
purpose powder diffractometer will be brought on line 
in 1984. 

We have begun a formal user program this year 
starting with two instruments--the beryllium 
difference spectrometer and the single crystal 
diffractometer. The number of instruments in the 
program will be increased each year,- At the end of 
1986, ten spectrometers 'should be operational and 2/3 
of the neutron scattering research time will be 
available to outside users. Any user is eliqible to 
apply for research time on -these spectrometers. 
Proposals should be sent to Dr. Richard N. Silver of 
this laboratory. These proposals are then forwarded 
with comments to a joint review committee of the Los 
Alamos and Argonne National Laboratories, which 
allocates the spectrometer time among the most 
promising experiments. For the first running period 
at the WNR for the experimental program this fall, 24 
proposals were received for the two spectrometers and 
experiental time was made available for 18 of these. 

FACILITY UPGRADE PROGRAM FOR NEUTRON SCATTERING 

Many changes now underway will contribute to the 
development of the WNR facility into an international 
center for neutron scattering research. These include 
the construction of the Proton Storage Ring, the 
upgrade of the target/moderator system for intense 
proton current and optimal neutron spectrum for 
several classes of experiments, a major expansion of 

Proton Energy (Me'/) 

Pulse Width (nsec) 

Rep Rate (pps) 

Average Current (uampsl 

Average Neutron Rate (n/s) 

the ex erimental area to allow comfortable PlaCeinent 
of at c east 15 s ectrometers 
program that wil 

a computer development 
’ c Provide e&h spectrometer with a 

dedicated data collection system, and a formal plan 
for developing the spectrometer array. Each of these 
efforts is discussed separately below. 

Proton Storage Ring 

The Proton Storage Ring will enormously increase 
the power of the facility for both the neutron 
scattering and nuclear physics programs. A comparison 
of the two capabilities is qiven in Table II. Note 
that the pulse'width will be-shortened by a factor of 
20 and that the intensity per burst for neutron 
scattering experiments will-be' increased by a factor 
of about 300. As mentioned earlier construction of 
the PSR is on schedule, and details are presented il a 
later talk- in the conference by G. P. Lawrence . 
An output current level in the long pulse mode of 
20 pa is expected to be achieved at 12 pps by the 
fall bf 1985. The full 100 pa intensity is expected 
in 1986 along with substantial current in 1986 in the 
one nanosecond mode. By 1987 full operation in both 
modes is expected, and work will begin on several PSR 
upgrade possibilities. 

Additional Experimental Space 

The present experimental space at the WNR is 
totally inadequate for the outstanding source 
intensity that will be available with the PSR. A plan 
has been proposed for an increase in space by a factor 
of five in order to provide ample area for a full 
array of spectrometers; staging .area as part of the 
experimental floor area, quiet rooms adjacent to the 
floor for assessment of progress on experiments, and 
space for data collection systems. In all other 
spallation sources the beam strikes the target in a 
horizontal direction with limitations in spectrometer 
floor space associated with beam transport to the 
target and with target servicing facilities. It is 
important in our planning to take advantage of our 
full circle of spectrometer locations made possible by 
the vertically directed proton beam. Also the arrange- 
ment should allow for a number of long (Q 200 M) 
drift tubes for neutron nuclear physics. 

The arrangement of the area is shown in Fig. 2. 
The existing experimental hall will remain essentially 
as is except for some outfitting that will provide a 
better environment for experiments. Two large halls 
are shown on the east and west side of the present 
experimental area. Each hall is spanned by a lo-ton 
overhead crane. Space is set aside in each hall for 
staging area. Support space is also provided adjacent 
to the experiental floor. An access channel from the 
northeast is provided so that a forklift can be 
operated on the existing experimental hall floor in 

Table II WNR/PSR Performance Characteristics 

WNR PSR 

Neutron Nuclear Neutron Nuclear 
Scattering Physics Scattering Physics 

800 800 800 800 

5000 0.2 270 1 

120 6000 12 720 

4 x :Dl4 1.3 ,"':013 

100 

1.2 x 1016 1.5 .l:ol5 
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LOWER LEVEL FLOOR PLAN- 

I”.M SC&L Md&adam. IULC -,,w.. ,‘_.a” 

Fig. 2 Ground Floor Plan for Augmentation of WNR/PSR Experimental Area. 
center of the figure will be expanded with the addition of two large halls. 

The existing WNR target area at the 
New drift tubes to be drilled will 

increase the total for neutron scatterina to 15. The four drift tubes in the southeast quadrant will be used for 
neutron nuclear physics research. ” 

the north, east, and south sectors. Generally the 
experiments requiring the highest neutron intensity 
will be located in the northwest quadrant of the 
existing experimental hall, and the higher resolution 
systems and more bulky experiments in the two outer 
halls. Note that the low current target area 
identified as (21 in Fig. 1, where we now conduct 
moderator studies, etc., 
hall. 

will be replaced by the west 

Fig. 2 shows 19 drift tubes, which are required to 
fully use the present and proyh;;ddexperimental space. 
However, the biological was originally 
constructed with only 12 drift tubes. It will be 
necessary therefore to drill several new drift tubes 
through the 15-ft thick 80% iron-20% concrete shield. 
A new drift tube was drilled this past year to 
demonstrate that installing new drift tubes is 
practical. The four drift tubes pointing in the 
southeasterly direction will be devoted to long flight 
path nuclear physics experiments. This leaves 15 
flight paths for neutron scattering research. Taking 
into account the possibility of two spectrometers on 
some of the beam lines, it is expected that space will 
be available for 20 or more spectrometers. 

Target, Moderators, and Shielding 

The intense PSR beam currents will require a 
complete redesign of our present target-moderator 
system. We must accommodate the needs of nuclear 
physics for 0.25 to 10,000 eV neutrons, cold 
moderators for both neutron scattering and nuclear 
physics, and tailored moderators for particular 
neutron scattering spectrometers. A large variety of 
moderators is therefore required. A target-moderator 
geometry under consideration now is shown in Fig. 3. 

A key element of this concept is a split target 
arranged so that equal neutron intensity is produced 
in the upper and lower segment and a relatively large 
volume of uniform flux density is created that is 
relatively free of target cooling paraphenalia. 
Several moderator types therefore can be placed in 
this region to service different spectrometers. 
Isolation from background associated with high energy 
neutrons should also be optimized in this geometry. A 
through-tube geometry is possible, which might be 
valuable for some experiments. It also will be 
possible to use wing geometry if additional moderator 
types are required. 
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FLUX TRAP 
MODERATORS FLIOHT PATH 

PENETRATION 

user participation in spectrometer design and 
construction will be solicited for spectrometers to be 
installed after 1984. 

The high average neutron intensity of the WNR/PSR 
and the low 12-hertz repetition rate will require the 
handling of very hi h instantaneous data rates from 
the spectrometers. II computer system to handle these 
rates is under construction. The system provides a 
data collection computer for each spectrometer and a 
central computer at the WNR/PSR for data reduction and 
analysis. A coaxial cable link to the Los Alamos 
National Laboratory central computing facilities was 
completed in 1983 that will make accessible to WNR/PSR 
scientists and users world forefront space in data 
orocessina and the most advanced data storaae 

6 
u 'facilities. 

" 

surrounded by an inner Be reflector and an outer-Ni 
reflector. The beam enters from the too. The facility 

LOWER TARGET 

Fig. 3 Prospective WNR Target-Moderator-Reflector 
Assembly. The taraet consists of a split taraet 

can accommodate several moderators and 'also a through: 
tube flight path geometry. 

broadening of the neutron pulse by the' reflector. 

The inner region of the target assembly is 

Calculations by Russell2 show that the neutron pulSe 

surrounded by a Be reflector that in turn is surrounded 
by a Ni annular cylinder serving as a second neutron 
reflector and as additional biological shielding. The 
complete assembly is about one meter in diameter and 
one meter hiah. We have addressed the auestion of 

and greatly enlarged experimental space.- At 'least 
three seoarate moderators should be ooerational each 
opti ized for different neutron spectral' capabilities. 
A 2%~ target probably also will be operational at 

In sumnary, 

that time- 

a fully equipped world class neutron 
scattering facility should be operational in 1986 with 

The WNR will be conducting a full 
experimental 

100 ua of 800-MeV average proton current at a 

program throughout the 

repetition 

'83 to '86 
construction period including an active user program. 

rate of 12 pps. Ten fully engineered 
spectrometers with a separate data collection computer 
for each should be ooerational in the newlv completed 

OTHER PSR-RELATED PROGRAMS 

The PSR is being constructed with components that 
should allow raoid uoaradina to 200 ua at 24 hertz: 
with redesign 'of several * of the critical power 
components it is hoped that 400 ua will be 

is not broadened by the reflector beyond the 270 ns achievable at 48 hertz.' The PSR will also produce 
width of the proton pulse from the PSR except at lower l-nanosecond bursts at the rate of 720 hertz and at an 
energies where moderation time in hydrogen dominates. average current of 12 ua. This latter capability is 

particularly powerful for MeV neutron time-of-flight 
The clear separation between the moderator and experiments. Initially the PSR will run in either the 

the neutron producing target is expected to be 
beneficial if the facility intensity is u 

long pulse or short pulse mode, but upgrading to allow 
raded via 

additional beam current, by emphasizing a j&U target 
multiplexing of the two modes is under consideration. 

or by means of a fission booster. For a possibli 
The PSR has very attractive capabilities for a broad 
spectrum of experiments and it will be used for 

future fission booster the reflector also could serve exoeriments other than neutron scatterina althouah 
as a large heat sink for afterheat in case the target 
cooling system malfunctions. In sumnary this geometry 
allows 360" access to moderators, separates moderator 
and target cooling apparatus, reduces streaming of 
high energy background-producing neutrons down the 
drift tubes, creates a region of uniform flux for 
placement of moderators, and substantially increases 
the effectiveness of the biological shield. The 
target-moderator system is discussed in greater detail 
in another contribution to this meeting by Russell2. 

Spectrometer and Data Collection Development 

Neutron scattering research began in 1982 with 
several exploratory spectrometers that performed 
successfully. Two of these, the filter difference 
spectrometer and the single crystal diffractometer 
were brought into operation in 
enaineered 

1983 as fully 
soectrometers. Adeauate resources are 

expected to 'allow two additional fully engineered 
spectrometers to be brought on line in 1984 and 1985 
and perhaps three or four in 1986. Therefore at the 
close of 1986 ten fully engineered spectrometers are 

neutron scattering will carry the highest.- prioriti. 
Presently the most prominently discussed additional 
programs- include neutron nuciear physics, neutrino 
research, and muon condensed matter and nuclear physics 
research. Such programs for spallation sources are 
reviewed in detail in a paper by Dombeck3 submitted to 
this meeting. A brief summary of plans for the WNR/PSR 
is given here. 

Neutron Nuclear Physics 

The WNR/PSR will provide outstanding characteris- 
tics for neutron nuclear ohvsics studies from the 
ultra-cold neutron energy range up to 250 MeV. This 
is well il.lustrated in Fias. 4 and 5 preoared bv 
Auchampaugh4 where the average neutron 'flux on a 
sample is shown as a function of neutron energy. The 
optimum flight path has been chosen to allow a 
resolution of approximately 0.1%. The pairs of 
numbers in parenthesis are the repetition rate and the 
flight path respectively. The numbers in parenthesis 
after the facility acronym are the pulse width. The 
curves for WNR show the caoabilitv with and without 

expected to be operational. Approximately one the PSR. 
spectrometer per year will be added after 1986. User 

The facilities referred--to by acronyms- are 
located as follows: 

input on the priority of instrument construction and 
ORELA (ORNL), Gelina ICBNM), KFK 

(Karlsruhe), and HELIOS (Harwell). 
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Fig. 4 Comparison of Neutron Facilities for the Low 
Energy Region. The two quantities in parenthesis 
represent pulse rate and flight path to achieve 
maximum neutron flux in the energy internal BE for 
the given resolution. The quantity in parenthesis by 
the facility name represents pulse width in 
nanoseconds. There are presently no plans for 
operating the PSR in the 35 nanosecond mode. 

NEUTRON ENERGY (MeV) 

Fig. 5 Comparison of Neutron Facilities for the High 
Energy Region presented as in Fig. 4. 

Note the enormous gain of the WNR/PSR over the WNR 
and the performance of the WNR/PSR relative to 
facilites elsewhere. Its greatest potential relative 
to other sources is for experiments above and below 
the 10-1000 keV range. At the lowest end of the range 
the combination of a cold moderator and a mechanical 
doppler system for neutron velocity reduction into the 
ultra-cold range (about 7 m/s) will allow'collection 
of densities of ultra-cold neutrons that might reach 
25O/cm3. A collaboration between Los Alamos 
National Laboratory and Argonne National Laboratory is 
underway to develop this for possible use in a high 
sensitivity attempt at measurement of a neutron 
electric dipole moment. 

Neutron nuclear physics in the region below 1 keV 
has been relatively inactive in the recent years, but 
the factor of 1000 advantage made possible by the PSR 
should be a strong stimulus to this field, Studies 
such as doppler-free resonance neutron spectrocopy, 
resonance total reflection, studies with polarized 
beams, etc., which have not been performed thus far, 
should be possible. There is much in this energy 
range of interest at the interface of nuclear and 
condensed matter physics, and these two fields might 
well mesh here with mutual benefits,to both. Since 
the WNR/PSR will operate 80% of the time in the long 
pulse mode, which is suitable for eV neutron nuclear 
physics, an aggressive program in this field would be 
possible. 

For the MeV region, the WNR/PSR will be operated 
in the short pulse mode for approximately 20% of the 
time. Although this fraction is small, the very high 
intensity can be used to pursue experiments that 
cannot be done now, or experiments can be done in less 
time with associated increases in productivity. 
Experiments now underway at the WNR in fission fragment 
angular distribution studies and neutron-induced y-ray 
emission will be greatly improved. -Nuclear data 
measurements, particularly those of interest to the 
fusion programs, will be greatly facilitated by the 
enhanced intensity. Depending on the degree of future 
program development in *MeV neutron nuclear physics 
studies, it might be appropriate to provide another 
target cell downstream from the PSR and WNR where such 
measurements could be pursued 100% of the time. 
Preliminary studies indicate that it should be 
possible to multiplex the short and long pulse modes 
of the PSR so that both classes or experiments could 
run simultaneously with separate targets. 

Neutrino Physics 

The attractiveness of neutrino physics using the 
intense proton pulses and associated low duty cycle of 
the PSR has been well documented5, and facilities 
for a neutrino physics program are under development 
that would eventually use PSR beam. A neutrino 
experiment is being constructed at the end of the long 
channel that transports beam between LAMPF and the WNR. 
An additional beam transport line is being built into 
this channel that will allow LAMPF beam to be multi- 
plexed past the PSR and the WNR and onto a target for 
production of muon neutrinos. The first experiments 
are planned for 1984. An extensive neutrino research 

g 
rogram can be pursued for several years with the LAMPF 
earn while the PSR is brought on line and upgraded. 

After meeting the first PSR design objectives Of 

100 va in the long pulse and 12 pa in the short 
pulse, the long pulse capability will next be upgraded 
to 200 pa at which point 100 pa of beam would become 
available for neutrino research. Further increases in 
PSR current to as much as 400 pa would be allocated 
either to neutron scattering, to neutrino physics, or 
to both in accordance with relative priorities and 
support levels. 

Muon Physics 

The facilities for production of muon neutrinos 
for neutrino research naturally produce copious 
intensities of pulsed muons. A low duty cycle high 
intensity source of muons is highly attractive for use 
in condensed matter, atomic physic and nuclear 
physics research. Studies by Heffner b* indicate that 
muons can be collected and transported effectively 
from the same target used for muon neutrino production 
so that studies using both neutrinos and muons can be 
conducted simultaneously. It also appears that muon 
research and neutron nuclear physics research could 
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share the same target provided that a separate target 
cell for this purpose were available downstream from 
the WNR/PSR. 

SUMMARY 

Much progress has been made in WNR/PSR facility 
development and in planning and implementing a full 
research program since the last ICANS meeting. Con- 
struction of the PSR continues on schedule, a signifi- 
cant neutron scattering research program is under way 
at the WNR that can continue through the construction 
period, and a formal neutron scattering user program 
was begun this year. The problem of bothersome back- 
grounds at the WNR has been solved, and a versatile 
and effective target-moderator design has been devel- 
oped. Plans are being implemented for spectrometer 
construction, data collection and analyses facilities, 
and a major augmentation in experimental space. 

Other areas of research besides neutron scattering 
made possible by the PSR have been thoroughly examined 
for the purpose of strengthening the Los Alamos 
National Laboratory research base. Promising programs 
include neutron nuclear physics, neutron nuclear data, 
neutrino physics, and muon nuclear and condensed 
matter physics. It also can provide forefront 
capability- for several branches of nuclear physics 
research. Development of the PSR research facilities 
in these directions will be pursued, with highest 
priority continuing for neutron scattering research. 
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PRESENT STATUS OF BOOSTER SYNCHROTRON UTILIZATION FACILITY AT KEK 

H. Sasaki 

National Laboratory for High Energy Physics 
Oho-machi, Tsukuba-gun, Ibaraki, 305, Japan 

Fig. 1 Layout of Booster Synchrotron Utilization Facility 

Introduction Table-l BSF Operation Summary 

Booster Synchrotron Utilizaton Facility BSF at KRK 
was established in 1978 in order to organize a neutron 
scattering experimental facility KENS; a pulsed muon 
facility BOOM and a biomedical facility PARMS. Those 
facilities utilize the proton beam from the 500 MeV 
booster for 12 GeV Proton Synchrotron. The neutron 
scattering experimental facility and the pulsed muon 
facility came into operation in the early summer of 
1980, and the biomedical facility in June 1982. 
Figure 1 shows the layout of BSF at KEK. The 20 Hz 
booster synchrotron delivers about 40 beam pulses to 
BSF every 2.5 set at an average beam intensity of 5 to 
6 x 10" protons/pulse as shown in Fig. 2. BSF has 
been operated for a total of 8,950 hrs and at an 
operating efficiency of more than 90 % since June 1980, 
as shown in Table 1. Most of the beam time in BSF is 
shared equally by the neutron scattering experiment and 
the pulsed muon experiment. For instance, the neutron 
scattering experimental facility KENS has been operated 
for a beam time of 1,509 hrs in the fiscal year.1982. 
Shortage of the beam time for the physics research 

program becomes more serious because BSF has started to 
deliver proton beams to the new biomedical facility in 

.hxe1erac0r LISF Bean Time 
Fiscal Year Operating TOGIl OpeZWi0II for Neutron 
(April-!-larch) Time Operating Time Efficiency Exprriment 

(hr) (hr) (Z) (hr) 

1980 3.533 1.628 89.9 
1981 3.258 2.863 93.0 
1982 3,652 3,219 95.0 

"duly 1983 1,432 1,218 95.0 

Tocal 11,875 8,948 93.4 4,373 

addition to a steady increase of the number of users in 
the physics research program. 

Accelerator System 

Present Status 
A 100 mA, 5 nsec wide proton beam is fed into the 

booster synchrotron from a 20 MeV injector linac at the 
repetition rate of 20 Hz. Figures 3(a) and (b) show 
the circulating proton beam at around injection and 
during the acceleration, respectively. In usual, the 
beam transmission in the booster synchrotron is some 
25 %. The stability of the output beam intensity is 
quite satisfactory as shown in Fig. 4. 

Fig, 2 Extracted 12 GeV proton beam, circulating 
proton beam in 12 GeV main ring synchrotron, 
circulating beam current in 500 MeV booster, 
and magnetic field of main ring synchrotron. 
(from upper to lower) 200 msldiv. 

926 
1,422 
1,509 
516 

Since 1980, the booster synchrotron began to 
deliver the beam to BSF as well as the 12 GeV main ring 
synchrotron with its full capacity. Recently, there- 
fore, the residual radioactivities at off-time of the 
accelerator became more serious problem to maintenance 
and improving works. On the other hand, there are no 
indications of the increase of failure hours due to the 
full operation of the booster synchrotron as shown in 
Table 2. 

Conversion of Injection Scheme in Booster 
The physics research programs in BSF as well as 

those of high e_nergy physics in KEK demand more beam. 
A scheme of H charge-exchange injection has been 
considered as a powerful candidate to meet such 
demands. The conversion from the present multi-turn 
injection of proton beam to the charge-exchange 
injection makes possible to not only increase the 
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(a) 5 nsec/div. 

Fig. 3 (a) Injected Linac Beam: 

(b) 5 msec/div. 

50 mA/div. 
Circulating Beam in Booster: 125 mA/div. 

(b) Radial Position of Circulating Beam. 
Circulating Proton Beam: 2 x 10" protons/div. 

-- 
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Fig. 4 Beam Intensity Fluctuation of Booster and 
Main Ring Synchrotron 

Table 2 Failure Time of Accelerator Component (hrs) 

120 ng/cm' in thickness will be available- for the 
charge stripper. Including a spare-foil mounting 
device with housing capacity of 40 foils, almost compo- 
nents of the injection system have been completed and 
are ready for installation. 

Development of the H- ion source started with the 

zz",",E;YY 
tion of a magnetron-type surface plasma ion 
. Ulder suitable operating 2r,ondi;i;;;Lrmo;; 

than 30 mA H ion beam was obtained . 
became clear that there were some technical probleis on 
the life time of the ion source itself, stablility and 
control of ion beam in the source, etc. Therefore, 
conversion to another type of ion source has been 

;~n:.s;er-~~r,,$~ present, a prototype of cusp or bucket 
is under construction. In this type of 

the ion source, converter is separated from the cathode 
and those can be controlled independently. 

The second RF cavity was introduced into the 
booster ring and has been examined. The RF system 
together with both of cavities has become more stable 
and reliable in its operation. This will be a powerful 
means of compensation for the beam loading due to the 
expected increased beam current in the charge-exchange 
injection. 

ChargeIexchange injection will be tested with 
polarized H and unpolarized H- ions in this October. 

Fiscal Year 
Pre- 10 nev aaoscer 

Exvz.ractio” 5 

Gl,ecmr L1n.x ara Line xaaqnec .pf 500 %?v 
aearn Line 

STRAIGHT SECTION I CHAMBER r___--_--_-_--_-, 
RllMPl I 

1979 i4.2 13.; 17.2 4.7 17.7 61.5 
1980 9.’ 24.5 1.6 14.5 9.2 10.3 
1981 23.1 25.8 2.1 7. ‘3 1.0 15.7 
i982 9.i 26.3 ;6.8 7.1 3.1 28.1 

intensity of the proton beam but also to reduce con- 
siderably beam loss in the booster. In addition, an 
appreciable polarized proton beam would be accelerated 
in the synchrotron by such an injection scheme. The 
conversion program to the scheme of the charge-exchange 
injection started on 1979 together with a project of 
acceleration of polarized proton beam in KEK PS. 

Arrangement of the H- ion beam injection system is 
shown in Fig. 5. Four orbit bump magnets, each of 
which is 340 mm long with a useful aperture of 
160 mm(H) x 40 mm(V), are excited to 0.24 T by a 7 kA, 
100 psec current pulse. Carbon foils of 30, 50 and 

Fig. 5 Charge-exchange Injection System of Booster 
H-: Injected H- ions. 
P: Circulating proton beam.' 
BUMPls4: Orbit bump magnet. 
Pr 1% 6: Multi-wire profile monitor. 
CF: Carbon foil charge stripper. 
sc: Beam scraper. 



- 17 

Extension of Injector Linac 4) 

If the energy of the present 20 MeV iniector linac _- 
is doubled, the beam intensity of the booster synchro- 
tron will be considerably increased in connection with 
the adoption of charge-exchange injection. Next year, 
1984, construction of the large tunnel for an electron- 
positron colliding storage ring, TRISTAN, and hence 
shut-down of the 12 GeV proton synchrotron is 
scheduled. It is under planning to upgrade the linac 
energy in this term. 

While the space for the second linac tank will be 
available in the present beam line to the booster 
without difficulty, there is no room for new high power 
RF source. In the present 20 MeV linac, the operating 
beam current is 150 mA and its beam power is 3 MN. As 
the excitation power of the tank is about 1 NW, the 
total power of 4 I$ is shared by two TH516 amplif)er 
tubes. If 30 mA H ion beam is assumed to be accel- 
erated to 40 MeV, the total power including the 
excitation power of the tanks is 3.2 NW, which is less 
than that of the present operating mode with proton 
beam. The present two feed system for RF power, will 
be also adopted in the second tank. This has not only 
good RF characteristics for beam loading compensation 
but also a practical advantage. Even if one of the 
TH516 amplifier system is completely down, the linac 
will be able to run with a lower beam current. 

Prameters of the second tank for the 40 MeV linac 
is'listed in Table 3. 

Neutron Scattering Experimental Facility (RNES) 

Numbers of neutron scattering experiments have 
been carried out with the 5 spectrometers of the HIT, 

MAX, LAM, SAN and TOP, as well as new members of 
machine, such as FOX (four circle single crystal dif- 
fractometer), PEN (polarized epithermal neutron spec- 
trometer), CAT (crystal analyzer TOF spectrometer), RAT 

_ 

Table 3 Main Parameters of the Second Tank 
for 40 MeV Linac 

Energy 

Tank Steel, copper plated 
Length 
Inside diameter 

Number of cells 

Drift tube 
Outer diameter 
Bore diameter 

Quadrupole magnet 
Aperture 
Length 
Outer diameter 
Field gradient 

Synchronous phase 
Average axial field 
Shunt impedance ' 
Transit time factor 
Effective shunt impedance 

Exciration power 
Beam power (for 30 mA) 
Total Rp power 
RF coupling 
Stabilizer 

Vacuum system 
' Main pump 

Auxiliary pump 

Temperature regulation 

20.40 - 40.48 Mev . 
201.070 MHz 
0.3060 - 0.4244 m 
0.04491 - 0.09195 

12.82 m 
0,90 m 
35 

Stainless steel, copper plated 
16 cm 
3cm 

&iermnent ULNICO-9) 
3.4 cm 
16 cm 
13.5 cm 
2.2 - 2.25 kG/cm 

2.2 EN/m 
74.34 - 72.51 llnlm 
0.8519 - 0.7915 
53.95 - 65.43 M/m 

0.845 Mu 
0.60 PIW 
1.445 ml 
Loop, two feeds 
Post couplers 

Ion pump (1,000 a/s x 8) 
Turbomolecular pump (500 f.ls I. 2) 

fO.l'C 

Room for 

High Energy Neutron 

Fig. 6 Layout of the Spectrometers in KENS 



(resonance detector TOF spectrometer), and LAM-D, which 
opened to the user community. Consequently 10 spectro- 

meters have been operated. In fact the number of 
research proposal to the BSF increases steadily, but 
the total machine time reached the maximum and is 
rather decreasing recently because the beam time shared 
with Particle Radiation Medical Science Center is 
increasing. For instance, more than 100 specimens of 
glasses, amorphous materials and liquids have been 
measured with the HIT diffractometer, but several 
proposals are still in a waiting list. 

operation time was 1,509 hours. The second target of W 
installed at the beginning of this period is still in 
operation without any serious radiation damage. Since 
the first target suffered serious erosion with the 
condensation of NO gas generated by radiations, the 
second targe,t is siruated in a gas free environment. 

Tow powder diffractometers HRP (high resolution 
powder diffractometer) and MRP (medium resolution 
powder deffractometer) are under construction in reply 
to the users' strong requests. A new high resolution 
quasi-elastic spectrometer LAM-80 is also under 
construction based on a prototype experiment already 
achieved. Figure 6 shows the recent layout of the 
spectrometers. 

Neutron Source 
The pulsed spallation neutron source, KENS, was 

operated satisfactorily throughout FY 1982. The total 

1 
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As the first step of the KENS-I' project we have 
obtained an appreciable gain in cold neutron flux by 
changing a solid methane moderator with a grooved 
surface. After the extensive studies of both experi- 
ments at the Hokkaido linac and computer simulations at 
JAERl to optimize, we have installed a new grooved 
moderator replacing the previous flat one at the end of 
FY 1982. Then we confirmed the gain factor of about 
1.4 which was just expected from the results of design 
studies. Figure 7 shows the neutron spectrum from the 
new grooved moderator compared to that from the 
previous flat one. The time structures of cold 
neutrons at various energies are also shown in Fig, 8, 
which represent an elongation of pulse width with a 
small preceding pulse from the teeth of the grooved 
surface. Pulse broadening themselves are not so 
serious even for the quasi-elastic spectrometer such as 
LAM-40 and LAM-80. Photograph of the new grooved 
moderator is shown in Fig. 9. 

% 
tails are given in a 

separate article in this meeting . 
As the second step the preparation of a depleted 

uranium target system is under progress. The develop- 
ment and fabrication of a prototype rectangular uranium 
target block and the fabrication of the first set of 
blocks (4 pieces) for KENS-I' use have already been 
ordered to Argonne National Laboratory. The blocks 
will be supplied by the end of March 1984. The target 
has been designed to accept an up-graded proton beam 
current of 10 VA. 

Fig. 7 Neutron Spectrum Extracted from the New 
KENS Grooved Solid Methane Moderator (20 K) 
(Solid Line). Compared dotted curve is 
that of the previous flat one. 

Fig. 8 Pulse Profiles in Time Scale of Cold 
Neutrons from Grooved and Flat Solid 
Methane Moderators at Various Wave 
Lentghes 

Fig. 9 View of New KENS Grooved Moderator 

Neutron Scattering Experiments 
Among many experiments conducted since last ICANS 

meeting, several topics are selected and described very 
briefly in this report. 

'be 
more detailed results are 

seen in the KENS Report IV . 
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(a) Temperature Variation of the Structure 
Factor, and 

(b) the Peak Position and the Peak Width of 
the First Peak at QLlA, 

in P2Se3 below and above the Glass 
Transition Temperature (lOO°C) 

As was mentioned in the preceding section the HIT 
is the busiest machine in this facility. The well 
determined resolution components and wide range of the 
momentum transfer Q enable us to investigate the 
precise short range or partial structure'factor S(Q) of 
the topological disordered materials. One of the 
remarkable examples shown here is the structural change 
associated with the glass transition of the PrSes glass 
at 1OO'C. As is demonstrated in Fig. 10(a), the 
variation of the structure factor is remarkable in the 
first peak near 1 A-' in Q. Wore quantitatively the 
peak position and the width of the first peak in Q vary 
above the glass transition temperature and are frozen 
immediately at this transition temperature, which is 
shown in Fig. 10(b). The present result provides the 
first experimental evidence which clarifies the cor- 
relation between the glass transition temperature and 
the structural change at the glass transition of the 
glass materials. 
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Fig. 11 Locaf Mode Spectrum for TaHo.1 at 30 K. 
Inserted figures are those in enlarged 
scale near the first excited levels. 
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Fig. 12 High Q Scattering Spectra from Pyro-graphite 

for (a) Q//C and (b) QlC 

It has been recognized that the pulsed neutron 
scattering method is superior in high energy regions of 
sub eV or eV energy, and such experiments to demon- 
strate high quality investigation are performed with 
the RAT and CAT spectrometers. Utilizing the time 
focussing principle the energy resolution of the CAT 
reaches as small as 3 % for 1 eV energy transfer. This 
highest resolution spectrometer in the world is suita- 
ble to elucidate the dynamics of light elements such as 
He, Be, C, etc. embeded in the transition metals and 
alloys. For instance the energy splitting in the first 
excited energy levels of the hydrogen local modes in 
TaHo. 1 was well observed for the first time, which has 
long been considered to be degenerated (Fig. 11). The 
experimentally determined energy levels are also inter- 
preted by the crystalline distortion to the orthorhom- 
bit from the cubic symmetry due to the hydrogen doping. 
Inelastic scattering studies at high momentum transfer 
Q have also been elucidated using a resonance detector 
technique. Numbers of technical developments have been 
achieved currently and a detailed line profile is able 
to be analyzed. Curves shown in Fig. 12 are examples 
looking at the scattering from the pyrolytic graphite 
crystal. The line widths .of modes parallel and 
perpenticular to the C plane differ approximately by a 
factor of 1.5. This result is qualitatively inter- 
preted by the fact of the mode difference of density of 
states of phonons. 

Significant parts of activities in the neutron 
scattering research at KENS facility are concerned with 
the low energy neutron spectroscopy using the solid 
methane moderator. It has long been believed that the 
pulsed cold neutron source cannot compete with the cold 
neutron source at steady state reactor, and an impor- 
tant question has been raised whether any experiment 
better than those using the latter source may be 
performed. Several examples selected from the outcomes 
using the KENS cold neutron source are considered to be 
the answer. 

Neutron quasielastic spectra of polymers, aqueous 
solutions, etc. have been extensively studied with the 

LAM-40 spectrometer. Very recently the high resolution 
has been attained down to less than 20 neV with a new 
developed machine of LAM-80. Eventually the combina- 
tion of both LAM-40 and -80 spectrometers enable us to 
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Fig. 13 Quasielastic Neutron Inelastic Spectra of 
Butadiene Observed by LAM-CO and LAM-80 

elucidate the details of molecular or polymer diffusion 
processes due to the achievement of the high resolution 
and the wide energy transfer. A typical example 
obtained in this way is diffusion motions in butadiene 
of the commercial rubber: Looking at the quasielastic 
neutron spectra with the two different spectrometers as 
shown in Fig. 13, we are aware of existence of two 

types of diffusions characterized by two relevant 
relaxation times, Tr and Tz. According to the de 
Gennes model, the results are interpreted as that the 
fast diffusion (~1 % 1O-'2 set) corresponds to the 
rotational diffusion mode inside the polymer pipe due 
mainly to thermal fluctuations of bonding angles and 
that the slow motion (~2 Q 5 x lo-" set) corresponds 
to the jump mode along the pipe. 

The small angle camera (SAN) installed at an end 
of the guide tube viewing the cold source contributes 
to many users in the research fields of polymer 
science, biology, metallurgy and solid state physics. 
The SAN has also a unique feature utilizing the full 
advantage of the pulse technique. Besides the coverage 
of the wide momentum space due to the wide band of 
incoming neutron wave length, the time evolution of the 
structure analysis can easily be performed. 
Consequently extensive efforts have been directed to 
physics of nonequilibrium state, such as problems of 
spinodal decomposition, spin glass transition, etc. 
Collecting enormous amounts of data points stored in 
the 2 mega bites bulk memories, time transient pictures 
can be taken in various time scales. As an example the 
response of the magnetic short range order in a spin 
glass material of (FeTi03)o.sg(Fez03)0.1~ to the pulsed 
magnetic field, which is projected on the crystalline 
a*c* plane, is shown in Fig. 14. These pictures depict 
how the magnetic clusters appearing in the zero field 
behave in the applied field. It seems to indicate the 
nonlinear growing process of such magnetic clusters. 
On the other hand the slower relaxation processes have 
been elucidated using FeCr alloys which show a well 
known spinodal decomposition. The successful interpre- 
tation has been obtained by a recent nonlinear theory 

t ,cI - E3 - - 
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Fig. 14 Two Dimensional Display of Time Dependent 
Response of Magnetic Clusters in 
(Fe203)o.12(FeTi03)o.aa Spin Glass 

due to the fact that we could observe the detailed time 
evolution of diffraction in the wide Q range. 

The TOP provides polarized pulse neutrons with 
continuous wave length longer than 3 A. Besides the 
magnetic structure analysis for herimagnets with a-long 
period, amorphous magnets, composite magnetic multi- 
layers and fine particles, the dynamical polarization 
analysis is one of current topics. Wave length 
dependence of depolarization of transmitted polarized 
neutrons through a ferromagnetic thin plate "as 
directly measured for the first time since Halpern and 
Holstein studied theoretically long time ago (1941). 
We applied this technique to the study on spin dynamics 
in random ferromagnets often called as spin glasses. 
In these materials the randomness is so strong that the 
ferromagnetic order may be destroyed. In other words 
the spin fluctuating frequency may become slow in these 

FE0.7-AL0.3 H=lOO[Gl R.T 

Fig. 15 Wave Length Dependence of Depolarization 
of Transmitted Polarized Neutrons through 
FeAll Spin Glass 
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materials and the neutron scattering cannot detect such 
low frequencies of ,the spin dynamical part. As is 
shown in Fig. 15, polarization of transmitted neutrons 
through a FeAE spin glass changes with the wave length 
considerably. The decrease of polarization with 
respect to the wave length is interpreted by intro- 
duction of the random field. If the random field is 
assumed to be stochastic, the neutron spins with the 
longer wave length spend longer time in the random 
field resulting more depolarization. The oscillation 
represents existence of a stationary field resulting 
the Larmor oscillation of the neutron spins. 

To conclude this section we emphasize that numbers 
of experiments have been performed, a part of which in 
significant to yield scientific impacts and others are 
useful to develop new technique. Besides these 
examples just shown before, many other significant 
outcomes have been obtained by the MAX, PEN, FOX, LAM- 
D, and UCN spectrometers. 

Instrumental Development 
A Hinh Resolution Powder diffractometer HRP is 

being installed at a position about 18 m from the cold 
source (downstream the LAM-40 spectrometer on the C-4 
beam line). This instrument utilizes sharp pulses of 
thermal neutrons from the solid methane moderator at 
20 K and a resolution Ad/d Q 0.002 is expected with 
backward counters at 28 Q, 170 deg. A Medium Resolution 
Powder diffractometer MRP is under construction at H-4 
beam hole viewing the room temperature moderator. The 
instrument is designed to provide a higher counting 
rate but with a medium resolution Ad/d = 0.007 s 0.02. 

Considerable progress has been achieved in the 
polarized epithermal neutron spectrometer PEN and an 
electron volt spectrometer *RAT. The higher proton 
polarization more than 70 % has been achieved with PEN 
which stands far above the corresponding value of 45 % 
with a prototype experiment by Pre-PEN. Extensive 
studies on the resonance detector foil have been 
carried out and the best detector resolution AE Q 
50 meV (BE /E = 0.75 X) at E = 6.67 eV has breen 
attained byranruranium foil coolEd down to 25 K. 

A prototype experiment for a higher resolution 
quasi-elastic spectrometer LAM-80 has attained higher 
energy resolution better than 20 ueV. The instrument 
utilized a similar analyzer mirror as LAM-40 but with 
8 
B 

Q 80'. LAM-80 is equipped with four analyzer 
m rrors at any scattering angles and being installed at 
the end of the C-2 guide tube. 

Finally the guide tube of C-2 is extended by 6 m, 
and consequently the total flight path is now going to 
be 29 m from the source to the end of C-2 guide. 
Several UCN experiments and high resolution spectro- 
scopy in the sub ueV energy region will be considered 
from the beginning of N 1984. 

Pulsed Muon Facility BOOM 5) 

Meson Science Laboratory was born in 1978, 
attached to Faculty of Science of the University of 
Tokyo, to conduct basic research in science using 
mesons, in particular, as the first step, to build a 
meson facility BOOM at the. KEK booster synchrotron 
utilization facility BSF. The final goal of this 
experimental facility is to construct high quality 
pulsed muon experimental facility and to conduct 
research project based upon the maximum use of the time 
structure of the pulsed proton beam from the 500 MeV 
booster synchrotron. The beam has a suitable time 
structure of 50 nsec pulse width and 50 maec separa- 
tion. Such a pulsed beam can be quite effectively 
coupled with the extreme experimental condition which 
can be realized only with a low duty factor such as a 
high RF field, a high power laser, etc. 

Fig. 16 Layout of Pulsed Muon Facility BOOM 

Layout of the pulsed muon facility is shown in 
Fig. 16. 

Since the first operation of the superconducting 
muon channel in July 1980, the superconducting solenoid 
and its cooling system has already marked over 
7,000 hrs running time in almost maintenance-free mode. 
The ul port attached to the superconducting channel has 
been in use for the wide varieties of pulsed muon 
experiments by taking high quality backward muons. 
Table 4 is a summary of the muon beam properties at ~1. 
The u2 muon extraction channel is used as either alter- 
native channel for backward muons sharing beam time 
with pl port or simultaneous operational channel for 
forward muons. A parasite pion channel with take-off 
angle of 102.5" from incident proton beam is mainly 
used as a surface muon c%nnel. At present, it is 
possible to have gurface p at the xl port with an 
intensity of IO5 u /set in an.area of 12 cm x 2 cm. 

Almost the experiments conducted in BOOM are based 
on the techniques of uSR+. The DSR method, utilizing 
asymmetric emission of e- along polarized muon spin, 
can be used to probe the local magnetic field and its 
fluctuation felt by the muon inside various condensed 

Table 4 Summary of Muon Beam Properties at ul Port 

Case 1 Case 2 

Pr (MeV/c) 200 + 5 % 150 f 5 % 

PU (MeV/c) e 110 = 75 

Stopping Range Width (g/cm*) 3.5 2.0 

Intensity 
($7;;;;) 35 K 28 K 

700 K 560 K 
Polarization 80 % 80 % 

Spot Area FWHM (cm x cm) 5x5 5x5 
- 
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Table 5 List of Active Experiments in BOOM 
(April 1982 - March 1983) 

I----- 
-.-...__ _.... _ ._.-____ 

hp. Title (Abridged) 
N". Actual Subject 

T -- 
11/u 
SW0 
- 

22 
33 
5 

R3 

100 

83 
42 

621 

68 

52 

216 

135 

44 

7‘ 

PC 

4 

, 

-I-- 

:( 
- 
u2 
FWC 
- 

168 
I46 

30 

70 

1% 

-- 

+ 
matters and also used to measure the u motion in 
metals, muonium chemical reactions, etc. In particu- 
lar, with pulsed muons which have strong advantage for 
long time range measurement, one CT now measure low 
frequency muon spin rotation, long ui spin relaxation, 
slow muonium chemical reactions, u fast diffusions, 
etc. Moreover, the pulsed muon beam with low duty 
factor can introduce the magnetic spin resonance 
technique, in which high RF field (closed to 100 kW 
peak power) is required to complete muon spin transi- 
tion within muon life time. 

Thus, the pulsed uSR experiments cover a wide 
range of research field. Active experiments in the 
pulsed muon facility BOOM are listed in Table 5. 

Future Program 

KENS-I' program of the neutron scattering facility 

in BSF is a project up-grading the present existing 
accelerator and experimental facilities in a short 
period. The major items of the improvement in the 
program are as follows. 

1) Conversion of injection scheme in the booster 
synchrotron from the multi-turn injection of 
proton beam to H- charge-exchange injection. 

2) Energy-up of the 20 MeV injector linac to 40 MeV. 

3) Conversion of the present tungsten target for 
spallation neutron production to a depleted 
uranium target. 

4) Adoption of a grooved-surface solid methane 
moderator, etc. 

If those are completely performed, the present neutron 
intensity will be increased by one order of magnitude. 

Some of them are already completed or under way as 
mentioned. 

While the KENS-I' program is in progress, a lona- 
term future program of BSF has been discussed on the 
basis of the encouraging results obtained by both of 
the neutron scattering experimental facility KENS and 
the pulsed muon facility BOOM in BSF. This is the 
construction of a more intense pulsed neutron source, 
KENS-II program, and the extension of the present 
pulsed muon facility, Super BOOM project. The central 
facility of this future program is an 800 MeV rapid- 
cycling proton synchrotron, GEMINI, which intends to 
deliver pulsed proton beams of 500 uA in time average. 
The design studies of this accelerator are in progr 
Details of the design are presented in this meeting 

sy . 
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INTRODUCTION 

This report is in two parts. Part I describes 
the constructipn work for Injector II, which 
is scheduled for first beam tests later this 
year. Part II presents the status of the 
spallation neutron source (SINQ) which is 
planned to become operational after commis- 
sioning of Injector II and necessary improve- 
ments to other parts. of the SIN-facility for 
the high currents. 

PAR-f I 
THE ACCELERATOR SYSTEM AN0 LAYOUT 

OF EXPERIMENTAL FACILITIES 

1. INTRODUCTION 

The proposed layout of the accelerator system 
and experimental facilities following commis- 
sioning of Injector II are shown in Fig. 1. 
The site for SINQ is in the prolongation of 
the proton channel after the two meson tar- 
gets. The guide-hall for cold neutrons is not 
yet included on the diagram. 

At present Injector I feeds the Ring Cyclotron 

with a 100 to 150 DA proton beam for routine 
operation. Ouring 1962 a total of 455,103 UAh 
were delivered on target with an average beam 
current of 119 PA and an availability of 92 %. 

Injector II is designed to deliver a beam 
current of at least 1 mA and consists of an 
860 keV Cockcroft-Walton pre-accelerator and 
an isochronous cyclotron for acceleration to 
72 MeV. 

2. INJECTOR II 

2.1 The ion-source and pre-injector 

The ion-source is of the 'multi-cusp' type: 
During tests, this has delivered a beam cur- 
rent of 40 mA, of which 40 % consisted of 
protons. Injector II will accept about 10 % 
of the current using injection without pre- 
bunching. A buncher could improve this ratio, 
but will, however, lead to a worsening of the 
injected beam quality. 

The ion-source and acceleration tube are 
connected by a 60 keV beam line (ion-source 
extraction voltage), which contains two 

Fig. 1 Proposed layout of the 
Experimental Hall. 
Status: December 1961. 



Fig. 2 The 800 keV acceleration tube installed at the Cockcroft Walton. 
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Fig. 3 Beam envelope and dispersion trajectories at 0 and 40 mA beam current 
in the 860 keV injection line. 

solenoids and a diaphragm to remove most of 
the unwanted ions. 

To transport this 60 keV be.am, neu’cralisation 
of the space charge is essential. The neut- 
ralisation is a stationary state of a dynamic 
process: Electrons produced by collisions with 
residual gas atoms, are captured in the beam 
potential. These electrons are heated by the 
beam and diffuse back out of the potentialI. 
Hence the stationary state electron density 
(and hence neutralisation) depend on the beam 
energy and current and the residual gas press- 
ure. The 60 keV beam was shown to be more than 

99 % 
10-S 

neutralised at a pressure of about 
Torr. 

A photograph of the 800 keV acceleration tube, 
which was installed in summer 1983, is shown 
in Fig. 2. 

2.2 The 860 keV beam line 

There ware two principle problems to be solved 
for the design of this beam line: 

(a) Space charge: The neutralisation of the 
beam due to free electrons from collision 
is assumed to be weak and the space charge 
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effects from the full curr,ent will be 
felt. 

Since the beam incorporates both horizon- 
tal and vertical bends for axial injec- 
tion, the matching of the beam emittance 
and the dispersions to the accelerator ac- 
ceptance involves eight parameters. 

Fig. 3 shows the beam envelope and dispersion 
trajectories at 0 mA and 40 mA, for the in- 
jection line from the acceleration tube exit 
to the first turn in Injector II. As can be 
seen, the matching depends on the intensity. 
This leads to the necessity of four quadrupole 
doublets in the vertical section just before 
injection. This part of the line is shown in 
Fig. 4. 

The excitation for all quadrupoles will be 
beam'current dependent, and will be adjusted 
automatically by the control system. 

The part of this 860 keV beam line above In- 
jector II may be seen in Fig. 5. 

2.3 The 72 MeV cyclotron 

.This is an isochronous cyclotron with injec- 

tion and extraction radii of 33 and 300 cm in 
the valley of the magnetic field. The guide 
field and focussing is provided by 4 sector 
magnets (see Fig. 51, each with the following 

Weight 180 t 
parameters: 

Pole-gap 35 mm 
Magnetic field 10.4 kG (inner radius) 

10.9 kG (outer radius) 
Power consumption 34 kW 

Fig, 4 Vertical insert for axial in- 
jection into the cyclotron. It 
contains eight quadrupoles and 
boxes for diagnostic elements. 

Acceleration is provided by two 50 MHz X/2- 
resonators each having two acceleration gaps. 
The power consumption is 150 kW per resonator. 
In order to obtain phase compression of the 
bunches during the whole acceleration time, 
the acceleration voltage increases from 
125 kV/gap at the injection radius to 250 kV 
at extraction. Explanation of this effect may 
be found in reference 2. 

By adding a third harmonic to the 50 MHz, and 
making a proper choice of amplitude (100 kV1, 
the energy spread of the beam at extraction 
may be minimised. A 150 MHz cavity positioned 
between two of the sector magnets may be seen 
in Fig. 5. By adjustment of the phase between 
the fundamental and third harmonic, longitud- 
inal space charge effects may be compensated 
to first order. 

All these measures lead to a 'straightening' 
of the particle bunches in the cyclotron, to 
create clearly separated turns, which is es- 
sential for a good extraction efficiency. 

Fig. 5 A view of the 72 MeV cyclotron, also 
showing part of the injection line. 

PART II 
THE NEUTRON SOURCE 

1. INTROOlJCTION 

The present medium term plan for the SIN ex- 
perimental program, shows the SINQ neutron 
source ready for operation in 1988. Money for 
construction should become available in late 
1985; to meet this timetable, detailed engin- 
eering design work should commence in the 
early part of next year (19041. 
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2. THE TARGET 

2.1 General 

The production target is to be a vertical cyl- 
inder with a 20 cm diameter and 3 to 4 m 
length, of Pb/Bi eutectic mixture in the 
liquid phase. The design aim is to employ 
natural convection to transfer the beam heat 
about 3 m upwards. This allows three principal 
advantages; (il no mechanical pumps for the 
liquid metal; (ii1 the heat-exchanger and 
first conventional cooling circuit are removed 
well away from the high radiation field; (iii) 
the avoidance of complication and space con- 
flicts, from cooling circuitry close to the 
neutron production region of the target. The 
'extra' length also acts as the beam dump. 

The two major concerns are the design for the 
proton-beam window and the thermofluid behav- 
iour. 

2.2 The beam window 

With the expected proton current (I to 3 mA1 
and beam distribution, a peak proton flux of 
2 to 6*1014/cm*/sec will be incident on the 
window. This is accompanied by a fast and HE 
neutron flux of 1 to 3*1014/cm2/sec. The win- 
dow has to support a 'hydrostatic' pressure 
from the Pb/Bi which is 3 to 4 bar, and be 
corrosion resistant to the Pb/Bi. Ideally the 
window will be cooled on its inner face only 
by the Pb/Bi. 

It is most likely that the beam,window will 
be the limiting component on the target life- 
time; we aim for this to be at least 1 year. 

An experiment is in progress at the Los. Alamos 
beam dump to examine the mechanical properties 
of stainless steel under proton irradiation 
comparable to that expected in operation. The 
samples are also being irradiated in contact 
with Pb/Bi to make a first attempt at seeing 
if there are any radiation induced corrosion 
effects. There are no results yet. 

2.3 Thermofluid behaviour 

Theoretical studies of the thermofluid behav- 
iour of the target completed so far3n4, have 
concentrated on obtaining results to increase 
our knowledge of the processes involved in 
natural convection in an enclosure and driven 
by internally generated heat. Parameter sur- 
veys have been made which include the effect of 
target height, beam size and power and the 
effect of sidewall cooling. 

Targets with aspect ratio (height/diameter) up 
to 15 and beam current to 1 mA have been exam- 
ined. These calculations may be summarised as 
follows: 

(i ) 

(ii 1 

The Pb/Bi flow shows a simple total cir- 
culation throughout the target following 
establishment of the steady state, in 
all cases studied. 

The maximum temperature at the steady 
state and the deposited energy show a 
simple power law relationship (Fig. 61. 
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Fig. 6 Maximum temperature rise in the 
target as a function of beam current. 

(iii) There is no need to cool the lower 1 m 
of the target (in the region of the 
moderator) as long as sufficient area 
is available for heat transfer in the 
region above. 

More detailed aspects of the thermofluid be- 
haviour are given in a separate report to this 
meeting by Takeda4. 

The theoretical studies are being backed up 
with an experimental program, leading event- 
ually to a full scale test'including Pb/Bi. 
The first large scale test-rig is now in 
operation and is shown in Fig. 7. These in- 
itial tests are being made with water; pre- 
liminary results may be found in4. 

2.4 Target activation 

The effect of fission on target activation 
has been examined. The calculated fission 
probability is O.OS/proton and leads to the 
mass distribution shown in Fig. 8. In terms 
of gross activation and decay power the 
effect of fission is small. There are two 
principal effects; the production of nuclides 
in the 50 to 150 mass region; the production 
of delayed, neutrons. 

1.n terms of overall neutron-source safety, 
the production of Kr, Xe and Iodine are of 
particular note: The 'hazard rating', based 
on potential ingested dose without holdback 
factors, for Iodine is greater than that for 

Hg, one of the most populous products, but is 
about three orders of magnitude below PO-210. 
Both PO and Iodine will be a major ccnsider- 
ation in the design of containment systems. 

The delayed neutron precursor activation is 
about 230 Ci, corresponding to 8.4.1012 nO/sec, 
the flow velocity of the Pb/Bi [60 cm/secl and 
short half life (0.2 set up to 1 mini, lead to 
about 5.1010 no/set at the top of the target. 

The decay-power and energy release as a func- 
tion of time after 1 year of irradiation at 
1 mA, is shown in Fig. 9. The thermal capacity 
of the target is about 0.15 MJ/oC, hence after 
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Fig. 7 General view of the thermofluid 
dynamics test-rig. 
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Mass Number 

Fig. 6 Mass distribution for 590 MeV proton 
bombardment of Pb/Bi including fast 

fission. 

._ 
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Fig. 9 Decay power and accumulated 
energy release from the decay 
of spallation product activity 
following 1 year irradiation at 
1 mA. 

1 day, a totally thermally isolated target 
will have a temperature rise of about 490° C. 
If cooling at the 0.5 kW level is maintained, 
the maximum temperature rise in the system is 
limited to about 2700 C. 

2.5 Vapour pressure above Pb/Bi surface 

There will need to be an interspace above the 
Pb/Bi surface to accumulate the gaseous prod- 
ucts. The hydrogen and helium will be accomp- 
anied by gaseous fission products and the 
vapours from [principally] Fig and PO. First 
estimates for Hg and PO using the methods of 
Hellwig et al.5, give the following results 
for a 15 cm radius free surface. 

(i I Mercury. Of the Q76 kCi at equilibrium, 
about 76 % (49 kCi) will be liberated at 
a temperature of 2000 C; this rises to 

67 % (67 kCi) at 325O C. 

(ii) Polonium. The equilibrium activity is 
about 5 kCi and produced via the channel 
2G9Bi(n,y)210Bi followed by B-decay. The 
released activity and evaporation rates 
(g/cm2/secl as a function of temperature 
are as follows: 

I T(OCI I Activity (Gil I Evap. Rate I 
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3. THE MODERATOR 

3.1 General 

Tritiation of the D20 is a known and expected 
consequence of source operation. The estimated 
activation levels are 0.8 Ci/litre at one 
year, 2.3 Ci/litre at three years and an equi- 
librium activity of 14.4 Ci/litre. 

To limit corrosion and to remove gas (mainly 
from dissociation of the 0201 a processing 
plant will be required. The plant'is to con- 
sist of resin beds and degassifying equipment; 
at this stage we do not plan to include 
catalytic recombiners. In view of the need to 
have continuous processing and a pumped 020 
circuit, we now plan to incorporate the mod- 
erator heat exchanger into this system. 

3.2 Cold source I: General 

There are two possibilities for the cold 
source, (il a large volume of D2 or [ii) a 
small grooved H2-type. Values from6 show an 
optimal D2-source to have a 50 % to 100 % 
higher gain factor compared with an optimal 
H2 source. Recent measurements at Orphee7 
show higher gain factors than in reference 6; 
also the results of Inoue et al.6 show a 
doubled gain factor for a grooved compared to 
an ungrooved methane source. These results 
would indicate that a grooved H2 source could 
have a performance at least as good as for 02. 

As available refrigeration power is enough 
for two small H2 sources and this leads to a 
more satisfactory overall source layout, the 
relative performance of these two cold source 
typ.es with the SING) geometry is to be measured 
experimentally by the KFA-SIN-TU Munich col- 
laboration, in an experiment starting in the 
first half of next year (19641. 

3.3 Cold source II: Heat deposition 

Results from the recent heat deposition meas- 
urements made at TRIUMF9, allow new estimat- 
ion of the expected power. Heat generation in 
H2 and D2 were deduced to be 36 and 19 mW/g, 
and for Al (a probable construction material1 
measured as 1.9 mW/g. 

For a 1 litre H-source with a 5.0 mm thick 
spherical Al shell container, the estimated 
total heat load is 419 W/mA. the principal 
contributions being 224 W in H and 133 W in 
Al from fast neutrons and y's; 37 W in H2, 
ano 26 W in Al from neutron capture. 

For the 02 source, a volume of about 20 litres 
will be required. Again using a spherical 
geometry, the%arge size'requires taking the 
neutron flux variation into account. The heat 
distribution for the 02 along the diameter 
perpendicular to the target and in the Al 
shell, are shown in Fig. IO. The fast neutron 
contribution dominates and is based on the 
flux distribution: 

0 = rn . Exp (-Xr) 

By fitting to diffusion calculation results, 
values of n = -1.3 and h = O.OZl/cm were 
obtained. 
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Fig. 10 Power deposition in the 
wall and 02 for a 20 litre 
Cl2 cold source. 

Approximate integration of the power distri- 
bution gives a value of about 1.5 kW/mA. 
Fig. 10 also shows that this relatively large 
power may be reduced considerably by removing 
the cap beside the target, if this should 
turn out to be neutronically ineffective. 

4. DVERALL SOURCE LAYOUT 

4.1 General 

A plan view of a preliminary version of the 
SINQ layout is shown in Fig. 11 and a ver- 
tical cut, in the central region of the 
source, in Fig. 12. 

We plan to make the beam-tube tips replaceable 
as the possibility of failure of a beam-tube 
window cannot be entirely excluded. The cen- 
tral column containing the target and proton 
beam entrance line (see Fig. 121 will be sub- 
ject to similarly high radiation damage and 
this is also planned to be replaceable. Col- 
limators will be mounted.in this central 
column; carbon in the region of the moderator 
and iron below. These are necessary to limit 
the consequences of a proton beam mis-steer. 

Target extraction is from the top and will be 
made directly into a transport flask. The top 
plug can also be removed, allowing in prin- 
ciple replacement of the D20 tank. The use 
of a light water layer outside the 020 to in- 
crease the thermal fluxID is now considered 
unwise in view of the consequences of leak- 
age. 

Three layers of containment are envisaged: 
(a) Outside the D20 tank to conta‘in any 
spillage as might occur with a beam-tube 
window failure. [bl An underpressure He at- 
mosphere for the inner part of the shield. 
ICI An underpressure air system just outside 
the He containment, this air to be extracted 
via the proton beam tunnel ventilation system. 
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4.2 Beam tube layout 

Current plans for the scattering facilities 
include both cold and thermal beam tubes, cold 
guides and thermal guides. The geography of 
the SIN site constrains the angle between the 
proton beam and thermal-guide bundle. There is 
sufficient room to accommodate guides up to 
about 150 m long. 

There are two principle constraints to the 
layout of the beam-tubes; (il their axes 
should be close to tangential to the target; 
(ii1 we need to be able to replace the tips. 

The thermal flux distribution allows use of 
two vertically displaced beam-tube layers and 
overall, six pairs of beam tubes are incorpor- 
ated in the latest version. It is not clear 
that all twelve beam-ports could be used _ 
simultaneously as this depends on mono- 
chromator design and'types of instruments, 

Two cold sources are shown, both small H2 
rather than the single large 02,of earlier 
versions: With slight changes, the twp cold 
tube pairs and the cold-guides can be accom- 
modated onto a single 02 S'ource. 

One beam tube pair (HO21 could be available to 
view a hot-source if there is a requirement 
for such a facility. 

?’ 

4.3 Bulk shield. 

The source requires 4 m of iron and 1 m of 
concrete for the main biological shield. The 
first layer will require water cooling and 
we plan to include the inner 20 to 40 cm in- 
side the moderator tank and use the 020 for 
this. In view of corrosion problems, this 
first layer may be built from Pb. 

Access far changing the beam'tube tips will 
need to be through the bulk shield. Mini- 
misation of the shield thickness is part- 
icularly relevant for the b.eam tubes. As the 
question of background is also intimately 
linked, we are investigating ways of building 
in as much flexibility as possible. Two 
schemes are under consideration: 

In the first (Fig. 111, we provide 'user' 

boxes allowing mounting of collimators, mono- 
chromators etc. starting from a nominal 3 m 

radius. The size of box shown is based on the 
inclusion of a particular type of monochroma- 
tar and would be determined in any final'ver- 
sion by better consideration of'the equipment 
to be mounted. 

The second sdheme (Fig. 121, is to provide a 
fixed part of the bulk shield at about 4 m 
radius, with full containment and no access 
for user equ,ipment. The outer shielding would 
be built up from 'loose' blocks built up 
a,round the collimators, monochromators, etc. 
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Fig. 11 A plan view of SINQ , 



Fig. 12 

REFERENCES 

1 . A.J.T. Holmes, 

2. W. Joho, Part. 

A vertical cut through the central region of SINQ. 

Phys. Rev. A19, 389 (19791 7. 

Accel. 6, 41 (1974) E. 

3. Y. Takeda, Proc. ICANS-VI, 357 (19821 

4. Y. Takeda, These Proceedings 9. 

5. L. Hellwig et al.; Realisierungstudie SNQ, 
Teil III, Annex I, JdL-Spez-113 [I981 I IO. 

6. H.D. Harig, Thesis, University of 
Grenoble (19671 

0. Cribier, Private Communication (19831 

K. Inoue et al., Proc. ICANS-VI, 391 

(1962) 

W.E. Fischer et al., SIN preprint 
PR-63-09 (19831 

F. Atchison et al., Proc. ICANS-VI. 441 

(1982) 



- 31 - 

Proceedings of International Collaboration on Advanced Neutron Sources (ICANS-VII), 1983 SePtenber 13-16 
Atomic Energy of Canada Limited, Report AECL-8488 

TRIUMF TIDIlU$AL NEUTRON FACILITY 

I.M. Thorson, J.J. Burgerjon, R.E. Blaby and T.A. Hodges 
TRIUMF 

4004 Weabrook Wall 
Vancouver, B.C. Canada 
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Introduction 

The TRUMP Thermal Neutron Facility (TNF) has been 
described previouslyl,* as It was originally installed 
for operation In 1978. In the January/March 1983 shut- 
down of the TRIDMF facility the moderator assembly and 
target were replaced to increase the beam current disi- 
pation capability of the facility in anticipation of 
increased currents from the 500 MeV isochronous cyc- 
lotron. This report will outline these modlfica- 
tiona3,4,5 and others aimed at increasing the overall 
operating reliability of the TWF. Some preliminary 
commissioning test results of the molten target temper- 
ature distribution are also reported. 

2. Moderator/Target Assembly Modifications 

The most significant change in the moderator tank 
assembly is shown in Fig. 1; in the previous assembly 
the 15 cm diameter, 25 cm long stainless- 
steel target container sat in an open cavity 
at the bottom of the 46 cm diameter water 
moderator/coolant tank. The heat developed 
in the target by the residual proton beam 
was dissipated at the outside of the contain- 
er by nucleate pool boiling of the water 
after transfer to the target can wall by 
convection of the molten lead. The pool- 
boiling mechanism limited the power dissipa- 
tion capability of the target to approxlm- 
ately 50 kw based on a conservative estimate 
of 125 w cme2 heat flux limit. To raise 
this limit the target design was changed to 
a forced flow regime by enclosing the stain- 
less-steel target can in a secondary alumi- 
num container with pumped H20 cooling flow 
over both the front face of the target - as 
with the original design - and the other 
target surfaces. The coolant exhausts into 
the top moderator/coolant tank and the heat 
is disipated in a local external heat ex- 
changer, as before. The new target design 
is estimated to be capable of dissipating 
125 kw of heat. Because only about 75% of 
the proton beam power appears as heat in the 
target and the upstream meson production 
targets remove at least 25% of the initial 
beam the new target design is expected to 
satisfy TRIIJMF’s operational beam dump re- 
quirements for accelerated beams in excess 
of 200 kw. 

The moderator/coolant assembly was rep- 
laced with one that accomodates the new, 
larger target assembly. The new design, 
like the old, has a D20 moderator chamber 
below the centre plane of the target. 
Because no uee hap been made of the neutron 
beam tubes viewing the lower through-tube 
section of the D20 moderator compartment - 
and none ara currently contemplated - the 
through-tube port was eliminated to reduce 
the leakage from the D20 moderator and 
thereby improve the flux to the existing 
beam tube and irradiation facilities. The 

, 
other substantial change to the moderator/coolant tank 
esssembly was the elimination of the vertical access 
port to the front of the target, originally intended to 
accomodate a proton irradiation facility; such facilit- 
ies have now been installed at a site 75 cm upstream 
and no further developments are envisaged. 

The change to a forced-flow cooling regime for the 
target did introduce a complication in the cooling 
circuit design. The loss of pump power during high 
current operations leaves an inventory of heat in the 
target that would boil away all of the water in the 
target coolant channels. To avoid the uncontrolled 
thermal cycling that could result from the repeated 
voiding and reflooding (through the coolant outlet 
port) of the target coolant channel a standby inventory 
of water was installed at a height to have a pressure 
head comparable to the operating pump pressure. The 
inventory is sufficient to supply full target flow for 
l-2 minutes following loss of pumping power and the 

Figure 1. TRIDMF MKII TNF moderator/ 0 
coolant/target assembly 
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resulting beam trip. 

The first target installed in the new assembly has 
been extensively instrumented with thermocouples to 
measure the temperature distribution in the lead as a 
function of beam power and for varius operating con- 
ditions. Fig. 2 shows the positions of the 24 thermo- 
couples held by thin stainless-steel baffle plates at 
five planes of various depths from the front face of 
the container. 

Note that the void space at the top of the target above 
the lead target core is evacuated and it’s pressure 
monitored to give an early warning of target contain- 
ment failure, as in the previous design. With the 
exception of some ninor operating problems, since rec- 
tified, with the mechanical refrigeration system used 
to cool the cold-traps needed to remove the volatile 
activities evolved from the molten lead, this monitor- 
ing system has worked well and gives us considerable 
confidence in the continuing integrity of the target 
containment system. 

The design of the AISf347 stainless-steel target 
container was based on the ASME pressure vessel code 
taking into account effects of fatigue due to thermal 
stress and cycling, radiation and corrosion. The 347 
stainless steel was chosen over the type 316 previously 

LEAD TEMPERATURES IN OC AT d 13buA 

used on the basis of slightly better strength and ther- 
mal conductivity characteristics at the operating tem- 
peratures expected. The wall thicknesses produced by 
this design are reduced from the previous design to 
minimize the bulk lead temperature at the higher heat 
fluxes intended to dissipate the increased power. The 
least conservative design indicator was that of fatigue 
life time of the container wall which was estimated to 
be in the range of 5000 cycles; the thermal cycling 
rate has not been a closely established parameter of 
the system. We are implementing a thermal cycle monit- 
oring system to measure not only the number but also 
the amplitude of the temperature variations actually 
experienced by the critical part of the target con- 
tainer.(j The thermal stresses in the container, the 
dominant stress component, are estimated to peak at the 
onset of melting at the can wall and do not change 
significantly at higher power levels. 

3. Commissioning Test Results 

The temperatures shown in Fig. 2 were measured in 
commissioning tests during operations at 135 A traos- 
mitted from the cyclotron down beamline I without sig- 
nificant loss following removal of the meson production 
targets. Because of stability problems with the proton 
beam at these power levels there is a rather tiigh noise 

Figure 2. Thermocouple-Temperature Distribution in TWF 
MRII Target. 

level on these measurements and some of the 
apparent anomalies are probably not signifi- 
cant. The general level and rough distrib- 
ution is reproducible however. 

The temperatures in the molten sections 
of the lead are only weakly dependent on the 
power level and do not changing significan- 
tly between 85 and 135~ A incident beam 
current. Another interesting feature, from 
Fig. 2, is that only small sections, if 
any, of the stainless-steel container walls 
are in contact with molten lead. 

Fig. 3 shows the time dependence of the 
lead temperatures measured by selected 
thermocouples during a pump failure test. 
The principal operating parameter to be 
determined by these tests was the throttling 
required in the auxillary cooling line from 
the inventory storage tank. Because of the 
limited inventory the flow rate must be 
matched roughly to the overall heat’ dissipa- 
tion time constant for the target to avoid 
coolant channel boiling. Note that the 
length of the temperature plateau at the 
lead melting point is dependent on the depth 
of the measuring point from the container 
wall, as expected. 

We intend to repeat these measurements 
at incident beam power levels up to 150 kw 
as the accelerator capabilities allow. 

1. G.J. Russell, Proceedings of ICANS III 
Conference on Target Stations and 
Accelerator Technology, Los Alamo8 
Scientific Laboratory March 19-22, 1979; 
pp.31. 

2. A.S. Arrott et al, “The TRIUMF Thermal 
Neutron Facility as Planned for 
Operation in 1978” TRIUMP Report TRI-77- 
1 (1977). 
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FIG 2 : FIRST 70 MeV H- BEAM 

Top trace - Input to Tank 1 4mA 

Second trace - End of linac. 70 MeV foil out. 

Third trace - Input to Tank 1 

Bottom trace - End of linac. 70 MeV foil in. 

Pulse length - 200 ~.s 
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The linac transmission is as expected with the buncher 
operational, viz 60%. ‘lhe matching into the linac and 
the linac quadrupoles have been adjusted so that the 
beam loss is not measureable along the length of the 
higher energy part of the linac. To reduce induced 
activity levels in the 70 MeV beam stop the mean 
current during tests is kept to a maximum of 1 A (400 

A mean is the design requirement). Pulsed currents 
of 3-4 mA have been used, the mean current is kept 
down by shortening the pulse length and reducing the 
repetition rate to typically 50/32 pps. The ion 
source arc is kept running at 50 pps. Ion source 
lifetime has been determined by the amount of oaesium 
put into the caesium boiler. In one case 1 g of 
caesium lasted 120 hours of actual running. Another 
lasted 130 hours and is still working. 

Emittances of the beam have been measured as follows 
for 99% of a 3 mA beam at 70 MsV: 

Horizontal Vertical 

Typical 12.5 x pmr 25.0 x Pmr 
Minimum measured 9.5 TT umr 10.2 II pmr 

Specification 25.0 II umr 25.0 x umr 

(at 20 mA) 

The linac is currently capable of producing enough 70 
MeV beam to give about 30% of the design SNS high 
energy current. 

Diagnostic devices in the linen and transfer line 
include toroids and 14 profile monitors using a 
scanning wire device to give horizontal and vertical 
profiles at each location. 

The profile monitors are used for measuring emittance 
and steering and transfer matrix measurements in the 
transfer line and, by normalisation, can measure beam 
currents since the high vacuum quality toroids close 
to the synchrotron are not yet available. 

A ‘straight-through’ branch of the transfer line at 
the final bending magnet is equipped with a 
scintillator and raster scan TV camera. lhe chopper, 
which will eventually be used to provide half- 
circumference length pulses in the synchrotron for 
injection studies, has been used to produce short 
pulses to prevent overheating of the scintillatar. 
Beam has also been put down the third branch destined 
to be used, in collaboration with GSI, Darmstadt, for 
studies relevant to heavy ion fusion. 

For the injection system, the septum magnet and its 
power supply are available. lhe 4 beam bump magnets 
have been installed in the injection straight. The 
power supply which supplies 14,000 A, 500 s long 
pulses at 50 pps is over a year late. It has passed 
its performance tests at the manufacturers and 
delivery is expected during August. 

A batch of 5 stripping foils of the correct size have 
been successfully made. A further batch of 20 is 
being made. 

It is planned to run a test of beam into a foil with 
the bump magnets powered some time during September. 

3.2 Synchrotron ring 

All components required for the next milestone, 
injection and trapping studies, are to hand except 
for the dipole magnets. lhe ring is expected to be 
ready for injection at the end of the year. Three of 
the 10 dipoles have been delivered and have 
successfully passed power tests. lhe effective 
magnetic lengths at both injection and extraction 
field levels were within + 0.5 mm as in the 
specification. 

Supports for all synchrotron components are in 
position. Straight section components are being 
aligned without the aid of the bending magnet datum 
points. Cne straight section is completely’ installed 
with all vacuum joints made. A decision has been 
made that the ring will not be vacuum tested in 
sections following a satisfactory test on a section 
including the roughing line. Fitting together the 
modules especially those with RF shields and their 
associated capacitor rings requires careful work. 

Trial fittings of the RF shield in the curved ceramic 
dipole vacuum vessel has been done to evolve the 
system for the production dipole installation. 

Main ring diagnostic devices are installed in the 
ring, including position monitors, intensity 
monitors, profile monitors and a kicker magnet system 
for exciting betatron oscillation. Beam loss 
collectors will be installed initially for beam lost 
horizontally up to about 100 MeV. Ionisation 
chambers for beam loss detection will be installed 
around the ring (as well as along the injector and 
injection and extraction lines). 

3.3 Magnet power supplies 

Final wiring of the main magnet resonant power supply 
is in progress. The new make-up power supply 
consisting of a DC motor and singe phase alternator 
has been successfully run. The computer-controlled 
supplies for the trim quadrupole magnets are 1 
installed. 
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3.'1 RF System 3.8 Target station 

The progress on the target station will be reported 
in detail at this meeting by A Carne. Briefly: 

The next milestone requires 2 of the 6 RF systems for 
trapping studies. Two cavities have been installed in 
the synchrotron room. RF amplifiers have been built 
and are being installed. lhe 6 anode power supplies 
have been installed and tested into a durmuy load. A 
potential problem of spikes into the mains from these 
supplies has been shown to be of no concern. 
Operation of the crowbar circuit of one supply doss 
not trip another supply. Controls and ancillary 
supplies for two systems are ready for operation. l'he 
DC power supplies for the bias windings are installed. 
Trials on the prototype bias transistor regulator of 
about 50 kW showed a good frequency rasponse. The 
first production regulator i,s installed. Sufficient 
low power RF equipment is available for the first 
system tests which are now in progress. Manufacture ‘ 
of the remainder of the four systems is proceeding 
well. 

3.5 Services 

Kany raw water, demineralised water and chilled water 
systems have been installed and commissioned on 
systems as required. 

3.6 Extraction 

The extraction system consists of 3 kicker magnet 
systems with rise time of some 200 ns and a septum 
magnet to give a vertical deflection to the beam. 
Installation of the kicker power supplies is in hand. 
Each kicker is powered by two thyratron switched 
bumped delay lines. Gne complete system has been 
commissioned and is successfully powering one of the 
kicker magnets through the correct length of feeder. 
Boxes for the kicker magnets are being manufactured. 

The septum magnet has been designed following work on 
a model to obtain field uniformity and sufficiently 
small fringe field into the working region of the 
synchrotron. The septum magnet power supply is 
installed but not yet wired up. lhe milestone date 
for extraction tests with 550 MaV protons is 
July 1984. 

3.7 Extracted proton beam 

The extracted proton beam takes the beam above and 
outside the synchrotron, back to target height through 
a shielded tunnel to the target. 

The concrete plinths for supporting the beam 
oomponents in the synchrotron room have been 
installed. Ihe special bending magnet which comes 
after the extraction septum magnet to turn the beam 
horizontal has been manufactured and tested and is 
installed in the synchrotron room. Other components 
are being manufactured. The tunnel shielding ualls 
have been installed and lined with concrete. 

i) 

ii) 

iii) 

iv) 

v) 

Uranium target plates for 2 targets have been 
ordered. 

The target void vessel which contains the 
target, moderator, and reflector assembly is to 
be delivered in August. 

Target station main shield is being installed. 
Shielding wedges which support the neutron 
shutters have had a trial installation. 
Shutters are being delivered. 

The Remote Handling Cell and the Services area 
are being built up. 

Refrigerators for the liquid hydrogen and 
liquid helium moderators have been ordered. 

An important conclusion from the safety assessment is 
that the target plates will not melt, even if all 
cooling system fail, provided the proton beam is 
turned off as soon as a fault condition is detected. 

3.9 Controls 

The controls system of 4 linked computers is being 
installed in a phased manner. lhe linac system has 
been used for the commissioning work on the linac. 
Haany equipment designers are writing control 
prograrmues in the high level interpretive language 
'GRACES'. Tuning of the system software has gone 
along in parallel. 

4. SNS EXPERIMENTAL FACILITIES 

Technical and scientific details of the first batch 
of SNS instruments were given at ICANS IV. 

4.1 Liquids and Amorphous Materials Diffractometer 
(LAD) and High Throughput Inelastic Spectrometer 
(HTI.9) - both LAD and HTIS are now in operation at 
the Harwell linac and will be transferred to SNS in 
the Spring of 1984. 

4.2 High Resolution Powder Diffractometer (HRPD) - 
this is well advanced. The building is about half 
complete. lhe sample and detector tanks have been 
made, the glass guide tube sections have been 
delivered and the first o&ant of the scintillator 
detector is being tested. Completion is expected 
early in 1984 with final alignment of the guide in 
July 1984. 

4.3 High Energy Transfer Spectrometer (HET) - the 
sample and3detector tanks are nearing completion, the 
low angle He counters have bean delivered and a low 
cost, low background, scintillator detector module 
has been developed for use in the high angle bank. 
Completion is expected on the same time scale as 
HRPD. 
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4.4 Low Q Spectrometer (LOWQ) - a design change has 
recentb been introduced, substitutina a heavilv 
shielded, supermirror bender for the in-shield nimonic 
chopper as a means of removing the high energy neutron 
background. Detailed design is just starting and 
completion of a 10 m long initial detector tank and 
part of the large scintillator detector is planned for 
Day One operation. 

4.6 In addition to the above. three develooment 

4.5 High Resolution Inelastic Spectrometer (IRIS) - 

instruments will be built, vii: the polarised neutron 

the incident beam uuide tube and disc ChODDers are 
being provided for-Day One to serve a Be-& window 

spectometer POLARIS, using a polarising filter; an eV 
spectrometer using filter difference techniques and a 
single crystal diffractometer using an Anger Camera 

spectrometer being built by the Bhabha Atomic Research 

scintillator detector. 

Centre (BAR0 in India. IRIS itself will be provided 
in 1985. 

6. 

a tran&riission target in the extracted”proton beam. 

OTHER USES OF THE SNS 

This would be a very powerful facility. However 

A test beam for using secondary particles produoed by 
high energy protons lost in the synchrotron is being 

funds are unlikely to be available initially for 
this. 

installed. 

A simple test facility which will produce 
muons is being investigated. 

An irradiation facility is being installed in the 
target void vessel for tests on materials where it is 
imnortant to have a lower background of slow neutrons 
thin in reactor irradiations. - 

A studv has been made of a uSR facilitv derived from 

4.7 Development work on sample environment equipment 
such as cryofridges, sample changers etc is nearing 
completion and a batch of equipment for Day One 
operation has been specified. 

A VAX 750 computer has been installed as a HUB 
computer together with the first three VAX 730’s as 
Front Bnd Mini Computers! Software development is now 
well under way. 

7. DEVELOPMENT OF THE SNS 

Until the. SNS has run and it has been shown that 
losses in the synchrotron can be kept well below 1% 
at full energy, there is no point in a lot of work 
being done on increasing the SNS current using a new 
injector. Potentially bigger improvements to the 
SNS, particularly for lower energy neutrons, say at 
4x can be made by improving target arrangements. ‘Iwo 
examples being-studied in a collaboration between KFA 
Julich and RAL are a booster using a sub-critical 
target and a redesign of the existing SNS target 
system using fissile material. This will be reported 
in more detail at this meeting in a presentation by 
RAL/Julich. 

5. FOREIGN PARTICIPATION 8. CONCLUSION 

An agreement has been signed with BARC, India, for the 
supply of a beryllium window spectrometer for the High 
Resolution Inelastic instrument. In .exchange, the 
BARC will have running time on this and other SNS 
instruments. 

Instrument proposals have also been prepared by 
scientists from Italy (Constant-Q spectometer), 
Germany (inelastic crystal spectometer) and the Joint 
Research Centre Ispra (general purpose spectometer for 
radiation damage studies), and discussions are being 
held to define similar arrangements 

‘lhe SNS is well on target to produce first neutrons 
in 1984 with some seven instrumental facilities. 
Foreign participation is welcome and is happening. 
There is good potential for an improvement to the SNS 
target arrangements which would be likely to yield up 
to a factor 10 improvement in useful neutron yields 
especially for slower neutrons. 
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I have reported here on the work of many people at 
RAL. 

Agreement has recently been reached with KFK, 
Karlsruhe, to provide a blockhouse and instrumentation 
for a neutrino experiment costing some 12 million DM. 
Engineering work on the foundations for the blockhouse 
and modifications to the experimental hall will start 
soon. 

As part of a collaboration with KFA, Julich, six 
people from Julich are spending 6 months each working 
on the SNS. Also KFA and RAL are collaborating on 
studies of shielding of neutron lines at spallation 
sources. 
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STATUS REPORT AND FUTURE PLANS OF TRE INTENSE PULSED NEUTRON SOURCE - ANL 

G. H. Lander, J. B. Carpenter, R. I.. Kustom, and T. K. Khoe 

Argonne National Laboratory 
Argonne, Illinois 60439 

Abstract 

A brief report is given of the status and current 
research at the Intense Pulsed Neutron Source (IPNS) 
at Argonne National Laboratory. Future plans for 
this facility involve an upgrade of the instruments, 
the installation of an enriched uranium (booster) 
target, and the construction of a small accelerator 
to serve as a prototype for a much more advanced 
source and, at the same time, deliver five times more 
protons to the IPNS facility. 

Introduction 

IPNS has been operating successfully since November 
1981, and a number of new areas of science have begun 
to emerge. Some of these are now documented in the 
open literature and others are in preparation. Ex- 
tensive reviews exist in the Proceedings of ICANS-VI' 
(July 1982) and the Yamada Neutron Scattering Con- 
ference* (September 1982). Other reviews from IPNS3 
are also available to the interested reader. In view 
of this, we shall confine to a minimum our remarks on 
condensed matter science now being performed at IPNS 
and use the remainder of the space to a discussion of 
future plans. Specifically, these include increasing 
our instrument capability with the building of an eV 
spectrometer, a quasielastic spectrometer on the cold 
source, and a major up-grading of the small-angle 
scattering diffractometer, also on the cold source. 
The second stage is the installation of an enriched 
(booster) target in the IPNS system and the third 
stage involves the building of a new accelerator, 
designed to deliver 100 @ at 500 MeV. 

Present Scientific Activities at IPNS 

Much of our emphasis at IPNS is on the use of epi- 
thermal neutrons. With the two powder diffracto- 
meters4 a large number of structures are being solved 
with polycrystalline samples. The unique aspect of 
these diffractometers is the extremely high resolu- 
tion (Ad/d 2 0.3 %) which is independent of Q, the 
momentum transfer, and the availability of a complete 
Rietveld analysis methodology. An excellent example 
is given in Fig. 1. Another way of using the high 
resolution has been on simple systems that have been 
deformed. Examples here are determinations of 
residual stress in zircaloy5 and tungsten carbide 
cermets.6 Very small line shifts can be measured 
corresponding to strains of a few parts in 105. The 
single crystal diffractometer' is based on the Laue 
techni ue 

0 
with an Anger type position-sensitive de- 

tector and has continued to be used for solving 
crystal structures9 and looking at the development 
of satellite reflections in reciprocal space. An 
example is given in Fig. 2. The small-angle diffrac- 
tometer has been used for metallurgy (although until 
the cold source is operational this is‘ severely 
limited), biology, and polymer science. An example 
of a biological program examined is given in Fig. 3. 
In the field of inelastic scattering the two chopper 
spectrometersi continue to perform extremely well. 
A major program concerns the study of single particle 
n(p) distributions using high energy (500 meV) inci- 
dent neutrons. So far the most studied system is 'He 
by the group from the University of Illinois." 
Other interesting experiments concern S(Q,w) distri- 
butions in amorphous systems, such as SiOn, illus- 
trated in Fig. 4. Again there are unique features 
here associated with being able to use very high in- 
cident neutron energies, and thus obtain large energy 

Fig. 1 Neutron diffraction study of chromium moly- 
bdate using the General Purpose Powder Dif- 
fractometer (GPPD). The + signs are exper- 
imental data after background subtraction. 
The solid curve is the calculated pattern. 
The vertical ticks show the positions of 
the independent hkl's in d-spacing. The 
differences between the data and calcula- 
tion are plotted in the lower portion of 
the Figure. (A. K. Cheetham and P. Battle, 
Oxford University) 

Reciprocal Lattice Plane(H 0 L) 

b.3#03 

Fig. 2 Reciprocal lattice plane (HOL) of K .0.26WG% 
as observed below the phase transition wit 
the single-crystal diffractometer. Super- 
lattice reflections can be seen around some 
of the Bragg peaks and, in addition, there 
are weak peaks at positions with L odd, 
which denote a loss of a glide plane in the 
structural symmetry. Since these were not 
seen with x-rays they indicate shift of the 
oxygen atoms (B. Krause and C. Anderson, 
Northern Illinois University, and A. J. 
Schultz, ARL) 
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olsplay Of Data lrom 
IPNS on MydIn Sheath 

Fig. 3 Bragg peaks from a d-spacing. of 87 i as 

registered on the small-angle diffracto- 
meter from a sample of myelin sheath from 
a rat sciatic nerve. (D. Worcester and L. 
Braganza, Institit Laue Langevin, Grenoble) 

?.o.o 

Fig. 4 The dynamic structure factor S(Q,E) of 
vitreous SiOp at 30 K, measured using the 
Low-Resolution Medium-Energy Chopper Spec- 
trometer with 218 meV incident neutrons 
fro Q2;&IPNS. The data exhibit the overall 

dependence expected for one-phonon 
scattering; at lowest energy transfers the 
intensity is due to oxygen atom rocking 
motions. Peaks at higher energy transfers 
are due to Si-0-Si group motions. The Q- 
dependent modulation of intensity contains 
information about the relative displace- 
ments of atoms in each mode of vibration. 
(J. H. Carpenter, D. L. Price and C. A. 
Pelizzari) 
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Fig. 5 Spectrum of liquid and single crystal 3He 
as recorded in a single detector at the 
ultra-low temperature facility. The large 
peak is the (110) Bragg reflection from a 
crystal of 3He at 0.010 K. (P. R. Roach, 
S. K. Sinha, B. K. Sarma and M. Vrtis, ANL 
and Northwestern University, and K. Skold, 
Studsvik, Sweden) 

transfers, HIJJ or E, at small momentum transfers Q. 
This is particularly important for magnetic problems, 
since the signal diminishes rapidly with Q, and a 
good example is the observation of a crystal-field 
transition at 130 meV in PrGg..l* The crystal' analy- 
zer spectrometer has been primarily used for H-mode 
spectroscopy. In addition to the above scattering 
instruments* that are open to the user community, 
there are also 3 special beam experiments at IPNS. 
The effort on polarized neutrons initially focussed 
on development of the spin refrigerator, an ingenious 
method for polarizing a white (polyenergetic) beam of 
neutrons,13 and is now being set up to measure the 
change in refractive index superconductors as a 
function of neutron wavelength and thus field pene- 
tration.r4 A large collaborating group is attempting 
to measure the nuclear spin ordering in 31ie below 1 
mk. They recently succeeded in growing single 
crystals of 3He and seeing a Bragg reflection, con- 
vincingly demonstrated in Fig. 5. Another effort is 
aimed at producing ultra-cold neutrons from a pulsed 
source by Doppler-shifting the neutrons with a large 
d-space mica crystal.15 

The substantial effort on radiation damage at IPNS 
will not be discussed here, as it is covered in 
detail by Kirk in these Proceedings. 

Future Plans in Scattering Instruments 

The most immediate need at IPNS for the SAD, polar- 
ized beam and 3He projects is a cold source. Our 
first attempt at a cooled (20K) methane moderator was 
not successful. We will have an 80K moderator source 
operating in October 1983 and are planning a new 
low-temperature moderator. The 80K moderator will 
alread provide a substantial gain in the longer 
(4-6 H ) wavelength neutrons. [See paper by A. W. 
Schulke et al. in this Proceedings.] 

At present, construction is taking place on the eV 
spectrometer designed to use high energy neutrons 
(> 1 eV) by counting secondary particles (initially 
y-rays from the 4.28 eV Ta resonance) when the n-y 
reaction takes place in a thin absorbing foil. 
Optimum use has been made of experience with machines 
of this kind at Harwell16 and KENS, Japan,17 although 
it should be realized that this kind of neutron spec- 
troscopy is completely new. The ANL spectrometer 
should be operational late in 1983. 

A new instrument to be built at IPNS is a quasielas- 
tic spectrometer. Plans for this are now in a pre- 
liminary state. This technique has been of special 
significance in chemical studies, often complementing 
either NMR or conventional neutron spectroscopy. At 
KENS the quasielastic machine, LAH-II, is based on 
inverse geometry with graphite monochromators and 
has a resolution of * 20 peV.la 

Target Development 

With present proton currents (12 pA) and currents we 
envision in the near future (* 16 PA), the heat- 
transport capabilities of the depleted-uranium tar- 
gets and cooling systems of IPNS are not severely 
taxed. (They were designedls to operate with maximum 
center temperatures of 330% at a current of 22 PA of 
500 MeV protons.) We have begun an effort to provide 
higher neutron production rates and higher neutron 
fluxes by installation of a 235U-enriched target. 

Preliminary studies based on BETC-VIM calculations, 
indicate that a target identical in size to the pre- 
sent ones, decoupled from surroundings to maintain a 
short response time by 1.7 x lo** 1°B/cm2 and with 
65% 235U , would have an effective multiplication 
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factor k ff = 0.82, thus a nominal prompt-neutron 
gain factor G = l/(1-kef) 2 5. The pulse shape 
determined from the Monte Carlo simulations is not 
significantly broadened for energies below about 100 
eV. The increase, above that for the depleted-U 
case, in slow-neutron beam current is about a factor 
3.5. This is presumably because the distribution of 
primary spallation source neutrons is not identical 
to that of the fundamental multiplying mode of the 
booster. We estimate that the total power in the 
target would be about 100 kW for such a booster. 
Addition of about 1% "%rn to the alloy eliminates 
conclusively the possibility of thermal criticality. 
More-detailed KIN0 code studies now in progress in- 
dicate that keff ; 0.95 if the l"B layer were not 
present - we expect this to be a significant safety 
question. We find that the main influence upon the 
generation time is the water surrounding the target, 
with the specified l"B layer, the prompt neutron 
generating time is 30 nsec. Assuming a total 100 kW 
power, distributed in part as in the depleted-U tar- 
get and the remainder as in the fundamental booster 
mode, requires a minimum disk thickness of 12 mm. 
This minor reduction from 25 mm is due to the broader 
power-density distribution in the booster case. Fab- 
rication procedures identical with those used for de- 
pleted uranium disks should be appropriate. Detailed 
studies of a loss-of-coolant occurrence indicate that 
the multiplying target cannot reach a temperature 
such as to melt the uranium (1100 C) or xircaloy 
cladding. Indications are that sufficient margin may 
exist in this respect, so that loss of coolant need 
not preclude continued use of the target. Delayed 
neutrons will increase from their present fraction 
(assued to be the same as in ZING-P-) of 0.0053 to 
about 0.03, and we expect this to be tolerable back- 
ground in most experiments since no instrument 
scientists have yet sensed any effect of the present 
delayed-neutron level. The additional neutrons will 
require only minor shielding changes (mostly .at 
choppers and beam stops) since the neutron gain is 
entirely in easily-stopped fission neutrons. 

Technical studies now in progress are aimed to refine 
the calculation of the loss-of-coolant temperature 
transient, to optimize the coupling of booster to the 
primary source (by changing target dimensions) and 
estimate more accurately the power density distribu- 
tion and slow-neutron beam currents. Safety-and- 
security-related studies planned to begin shortly 
will address questions of criticality and security 
during fabrication, assembly and installation. 

Detailed design will follow completion of these 
preliminary analysis and has not begun. A somewhat- 
optimistic estimate of the time when the booster will 
be installed is in early calendar year 1985. 

Argonne Super Pulsed Spallation Neutron Source 

Argonne Super Pulsed Spallation Neutron Source 
(ASPUN)*O is a facility concept being studied at 
Argonne that would provide greater than lO"n/cm*-see 
in the 1 eV range. ASPUN is described in another 
paper at this conference. Argonne has concluded that 
a small-scale prototype could be built onto the IPNS 
facility affording critical tests of the principal 
ASPUN ideas and at the same time make an important 
increase in the scientific capabilities of IPNS. 

The Mini-ASPUN plan uses a 500 HeV Fixed-Field Alter- 
nating Gradient (FFAG) acceleratorzl as the proton 
source. An FFAG accelerator has dc excited gagnetic 
fields which increase with radius as (R/R ) . Beam 
is injected into the inner radius, and'as it is 
accelerated the equilibrium orbit radius grows to a 
larger value. Frequency modulated rf cavities are 

used to accelerate the beam following a voltage and 
frequency program that tracks the beam energy. The 
final energy is reached at the maximum radius, and 
beam is extracted in one turn. 

Mini-ASPUN uses the IPNS 50 MeV Linac, 50 MeV trans- 
port line, 500 MeV transport line, and target. A 
plan view ov the IPNS facility with the 500 MeV FFAG 
drawn in place is shown in Fig. 6. The design goal 
for the average proton current of the 500,MeV FFAG is 
100 VA. 

Fig. 6 Schematic of the proposed IPNS System in- 
cluding the mini-FFAG. 

Fig. 7 Schematic of the 500 MeV FPAG ring. 

A plan view of the 500 MeV FFAG ring is shown in Fig. 
7. A table of parameters is given in Table 1. A 
total of 16 magnets are equally spaced around the 
ring. The combination of the entrance and exit edges 
and the field gradient in the ma.gnet generates the 
transverse focusing in the vertical and horizontal 
planes. Each magnet and straight section corresponds 
to one cell of an accelerator lattice that is a DFFO 
configuration in the horizontal plane. Since there 
are sixteen magnets, there are sixteen identical 
lattice cells. 
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The injection scheme is H- + H' stripping using four 
bumper magnets and a septum magnet. A plan view of 
the injection is shown in Fig. 8. The dashed line 
indicates the normal unperturbed equilibrium orbit. 
The dot-dash line indicates the perturbed or bumped 
orbit produced by the four bumper magnets. The 
bumper magnet and septum magnet fields are reduced 
during injection to spread the beam more uniformly in 
space to reduce the space charge effect. 

Table 1. FFAG for Mini-ASPUN 

Injection Energy 50 MeV 
Extraction Energy 500 MeV 
Injection Radius 8.4 m 
Extraction Radius 9.65 m 
Injection Field 0.489 T 
Extraction Field 1.5 T 
Number of Sectors 16 
Angular Width of-Sectors 5.625c 
Field Index, k ~ 8 
Spiral Angle, f 57s 
Radial Betatron Frequency, v 3.25 
Vertical Betatron Frequency,xvs 2.3 
Space Charge Limit 4 x 1012 
Radial Beam Emittance @ 50 MeV 170 n sun-mr 
Vertical Beam Emittance @ 50 MeV 120 n mm-mr 
Frequency Range 1.784-3.748 MHz 
Maximum RF Voltage per Turn 60 kV 
Harmonic Number 1 
Average Current 100 pa 
Repetition Rate 180 Hz 

Fig. 8 Injection system showing four bumber mag- 
nets (B), Septum Magnet (SM), and Stripper 
Foil (S). 

The 50 MeV linac would be operated at 180 Hz with a 
short beam pulse of about 50 psec. The space charge 
limit is 4 x 1012. The rf voltage and frequency pro- 
gramming technique will be the same as that described 
for the 1100 MeV FFAG in the full sized ASPUN except 
that only 60 kV total rf voltage is needed. This 
will be accomplished with four rf cavities spaces 
around the ring as shown in Fig. 7. The injection 
radius is 8.4 m and the extraction radius is 9.65 m. 
The spiral angle is 57“ and the angular width of each 
magnet is 5.625'. The magnetic field in the magnet 
increases with average radius by the amount 
B = B (R/R )*. The repetition rate will be 180 Hz. 
Inter&l stacking will be done by merging six pulses 
so that the extraction repetition rate will be 30 HZ. 
The betatron tune in the horizontal plane is 3.25 and 
in the vertical plane is-2.3. The magnetic field at 
the injection radius is 0.489 T and at extraction 
radius is 1.5 T. The magnet gap is 18 cm out to the 
9.0 m radius, then contracts to 9 cm at the outside 
edge of the magnet. 

One turn extractionwill be accomplished using fast 
ferrite kicker magnets on the outside edge of the 
ring. The kicker magnet shown in straight section 16 
of Fig. 7 kicks the beam inwards by 10 mrad. The 
beam undergoes an inward betatron oscillation for 
half a period. The second kicker magnet in straight 
section 2 produces an outward kick of 10 mrad. The 
extracted beam then enters the septum magnet in 
straight -section 4 and finally the bending magnet 
outside of straight section 5. The pulse width will 
be about 140 nanoseconds. The fast ferrite kicker 
magnets are each 1 meter long and operate with 0.019 
T-m integrated B-da field. The septum magnet is 0.7 
m long and operates with a 0.23 T field. 

Several important elements of the full-sized ASPUN 
project will be tested on Mini-ASPUN. In particular, 
these include the development of magnets, highly 
efficient adiabatic capture;‘ acceleration, and ex- 
traction, and internal stacking. 

Transverse focusing of the beam in the ASPUN acceler- 
ator is provided by a combination of the entrance and 
exit edge angles and a radial gradient of the mag- 
nets. It is essential in the design of the machine 
that the fringing fields and edges can be accurately 
controlled so that the transverse betatron oscilla- 
tions are sufficiently constant to avoid beam loss 
due to resonances. There are good reasons.to believe 
that necessary accuracy can be achieved by coil 
shaping, shimming, and edge coils. Mini-ASPUN will 
provide the opportunity to test these various tech- 
niques and to determine the most flexible and easily 
controllable combination. 

The injection efficiency needs to be exceedingly good 
or effective beam loss collectors need to be develop- 
ed to avoid irradiation and damage to the machine 
components. Mini-ASPUN will provide the opportunity 
to perfect the rf voltage and frequency hardware and 
control to achieve theoretical predictions or to 
develop alternative approaches. 

Beam stacking is required to reduce the external beam 
repetition rate of the ASPUN accelerator to a rate 
(% 30 - 100 Hz) that is desired by many of the solid 
state science experimenters. Again, Mini-ASPUN pro- 
vides an excellent research vehicle to develop this 
technique. 

Mini-ASPUN will allow the development, testing, and 
demonstration of almost all elements of the full 
ASPUN facility. Benefits to the full ASPUN facility 
will accrue in not only the technical and economic 
elements but also in the speed at which the full 
design goals can be achieved after completion of con- 
struction. To the neutron scientists, this would 
represent a factor of five increase in intensity over 
the upgraded IPNS facility. 
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Introduction 

Argonne has been in the process of developing 
plans for pulsed spallation neutron source 
facilities that would extend the flux levels by at 
least an order of magnitude over fluxes provided 
by facilities that are either now in operation or 
in construction. The ANL facility is called ASPUN 
for Argonne Super Intense Pulsed Spallation 
Neutron Source. The heart of ASPUN is a Fixed- 
Field Alternating Gradient (FFAG) proton 
synchrotron which, in our opinion, has great 
potential as a driver for a spallation neutron 
source. 

The FFAG synchrotron was extensively studied 
in the 1950’s and early 1960’s at the Midwestern 
Universities Research Association (MURA) 
laboratories in Stoughton, Wisconsin.’ An FFAG 
accelerator has dc excited magnetic fields into 
which beam is injected on the inside radius and as 
the beam is accelerated, the average equilibrium 
orbit radius grows. Frequency modulated rf 
cavities are used to accelerate the beam with, a 
voltage and frequency program that tracks the beam 
energy. 

The early FFAG accelerators were studied for 
use as high energy particle accelerators, a role 
which required a large momentum change from 
injection to extraction. The transverse focussing 
of the beam in an FFAG accelerator is accomplished 
through a combination of the entrance and exit 
edge angles and a field gradient from the inner 
radius to the outer radius of the machine. To 
achieve constant edge angles, the magnets spiral 
radially outwards, which for the early FFAG 
accelerators was quite extensive because of the 
large momentum difference between injection and 
extraction. However , the momentum range for use 
of an FFAG accelerator as a proton driver in a 
spallation source is about 2.5-2.7. Thus, the 
radial extent of the magnet is quite nominal, 
leading to a relatively simple FFAG accelerator 
design. ’ 

A discussion of the relative merits and 
potential of the FFAG driver is presented in 
Section III. 

EENDtNGMAGNEf 

Fig. 1. Schematic view of FFAG ring. 
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The design is based on 200 MeV H- to k 
stripping injection. The extraction energy is 
1100 MeV and the repetition rate without beam 
stacking is 220 Hz. The linac must provide 32 mA 
of H- beam for 500 usec at the 220 Hz repetition 
rate. The duty factor of the linac must be 
somewhat greater than 11% to allow for rf filling 
and stabilization before beam injection. 

A schematic view of the FFAG ring is shown in 
Figure 1. Table 1 gives the machine parameters. 
The injection radius is 17.5 m. The injection 
system is shown in Figure 2. The normal 
equilibrium orbit is the dashed line shown in 
Figure 2. 

Bi, 

The four bump magnets, El, B2, Bi, and 
deflect the equilibrium orbit along the dot- 

dash line through the stripper foil at'point S. 
The 200 MeV H- beam enters through the septum 
magnet, SM. The B' magnets operate with a maximum 
field of 0;39T and are 25 cm long and the B' 
magnets operate with a maximum field of 0.54T and 
are 31.5 cm long. The septum magnet operates at 
0.6T and is 60 cm long. The horizontal phase- 
plane ellipse for 700n mm-mrad emittance at the 
stripper foil is shown in Figure 3. The bumper 
and septum magnet fields decrease so that the 
stripper foil effectively appears to start at 
(x,x') = (o,o) and then moves inward along the 
negative major axis. Proper control of the 
decrease in field will produce uniform charge 
distribution in horizontal space leading to a 
smaller space charge effect. Magnets in the 
injection line will be used to distribute the beam 
uniformly in vertical phase space. 

Fig. 2. Injeotion system showing four bumper 
magnets, septum magnet, and stripper 
foil. 

Xl(mrad.1 

Table 1. Machine parameters 

Injection energy (MeV) 
Extraction energy (MeV) 
Injection radius (m) 
Extraction radius (m) 
Injection field (T) 
Extraction field (T) 
Number of sectors 
Angular width of sectors (deg) 
Field index k 
Spiral angle 5 (deg) 
Radial betatron frequency Vx 
Vertical betatron frequency Us 
Space charge limit 
Beam emittance at 200 MeV 

Radial (mm-mrad) 
Vertical (mm-mrad) 
Peak rf voltage per cavity (kV) 
Frequence range (MHz) 

Harmonic number 
Number of cavities 
Average current (mA) 
Repetition rate (pulses/second) 
Beam bucket area (eV-see) 
Output energy spread (MeV) 
Output bunch length (nsec) 
Weight of sector magnet (ton) 

Pole and yoke 
Coils 

Power loss per sector magnet (kW) 

200 
1100 
17.5 
18.75 
0.489 
1.281 
20 
4.5 
14 
65 

4.25 
3.25 
1014 

1T 700 
n 500 
30 

1.5-2.259 
1 
10 

=3.5 
'220 
4.15 
l 19.5 

136 

68 
2.5 
140 

-I 

Fig. 3. Horizontal phase plane ellipse at 
stripper foil for 700 TI mm-mrad 
emittance. 

The energy of the linac beam will be 
modulated to give a coasting beam energy spread of 
+3.2 MeV. 

Adiabatic capture is accomplished by 
instantaneously exciting the rf cavities at 27 kV 
and linearly increasing the voltage to 150 kV in 
150 usec. 

The guide field in an FFAG accelerator is 
given by 

B = Bo(+)k[l+ T fn Cos nN(8-tan5 ln R/R~)] (1) 
0 n=l 

where R is the radial distance from the machine 
center, k = (R/B)(dB/dR) is the mean field index, 
fJ is the azimuthal angle, fn is the harmonic 



component of the azimuthally varying field, N is 
the number of identical magnets, and 5 is the 
spiral angle. There are 20 magnets each with an 
angular width of 4.5’ and a nearly sharp e 

2 pss, field so that the effective flutter, (Tf,) is 
large. The pole of the magnet extends from 
Ra17.4 m to 18.9 m. The magnet gap is constant 
from 17.5 to 18.0 m. The required field gradient 
in this region is supplied by pole face 
windings. The magnet gap is 220 mm, chosen to 
allow for 143 mm of peak to peak betatron ampli- 
tude, 20 mm of orbit error due to field errors and 
misalignment. 20 mm for pole face windings, 20 mm 
for the vacuum chamber wall, and 17 mm extra. The 
magnet gap decreases from 220 nrm at a radius of 
18.0 m to 111 mm at a radius of 18.9 m. The 
decrease is tailored to achieve the correct magnet 
gradient required by eq. (1). The magnet field at 
the injection radius of 17.5 m is 0.4891 and at 
the extraction radius of 18.75 m is 1.28T. The 
magnet parameters are listed in Table 2. 

The magnet will be designed to maintain the 
same flutter throughout the momentum range so that 
the betatron frequencies are independent of momen- 
tum. The values for the 8 and n functions for one 
period from straight section center to straight 
section center are shown in Figure 4 and the beam 
envelopes at injection with EX 9 700 mm-mrad 
and sy = 500 v mm-mrad are .shown in Figure 5. 
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Table 2. Magnet Characteristics 

I I Qcm 

_/-- 
5cm - .__--- 

, 

I r(m) 

Width of sector 4.5” 
Minimum pole radius 17.4 m 
Maximum pole radius 18.9 m 
Spiral angle 65” 
Main coil ampere turns 9.7 x lo4 A 
Pole face windings amper turns 5.9 x lo4 A 
Weight of yoke and poles 68 tons 
Weight of coils 2.5 tons 
Power loss -140 kW 
Magnet height 2.5 m 
Radial width 2.8 m 

Table 3. Accelerating System Parameters 

Fig. 5. Horizontal and vertical beam envelopes at 
injection for EX = 700 TI mm-mrad and 

sy 
= 500 v mm-mrad. 

The coherent space, charHe $i:niEr:z after 
injection and bunching is 10 
assumptions that the bunching factor is 0.45, the 
transverse charge distribution factor is 1.35, and 
the tune shift Avs p 0.25. The additional 
increase in space charge limit due to the momentum 
spread is not included, providing some additional 
margin of safety. The rf voltage and frequency 
are nitially programmed to maintain the product 
Bf8y !! > 0.375, where Bf is the bunching factor, 
and 6 and Y are the velocity in units of light 
velocity and the energy in units of rest energy, 
respectively. Later in the cycle when space 
charge is not a consideration, the voltage and 
frequency are programmed to achieve maximum 
practical energy gain per turn. The rf voltage 
and frequency as a function of time is shown in 
Figure 6. The acceleration voltage is provided by 
ten cavities spaced around the machine. The 
frequency varies from 1.5 MHz at injection to 
2.259 MHZ at extraction. After the initial 
capture period, the rf voltage is increased from 
150 kV to 300 kV in approximately 750 usec. ‘The 
rf system parameters are listed in Table 3. 

0 V/////A 
1 f I I 

0 0.25 0.5 0.75 I.0 I .25 

s/p 

Fig. 4. 8 and n functions for one period starting 
at the center of a straight section. 

Number of cavities 
Length of cavity 
Cavity peak voltage 
Total volume of ferrite 
Total peak ferrite losses 
Total peak beam power 
Cavity shunt resistance 
Coupling coefficient 
Ferrite pA injection 

uA extraction 
Average rf flux density 
Maximwa rf flux density 
D.C. biased HDC I::;;;::;:;, 

Maximum Rrf 
Power density in ferrite 

10 
1.9 m 
30 kJ 
11 m 

1.25 Mw 
6.48 MW 
7200 g 

6.2 
26.8 
12.5 

0.0120T 
0.014ST 
900 A/m 
1800 A/m 
530 A/m 

114 kW/m3 
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Fig. 6. Rf voltage and frequency as a function of 
time. 

Fig. 7. The schematic plan view of the extraction 
system consisting of two fast ferrite 
kicker magnets, a thin septum magnet and 
a bending magnet. 

straight section 20. The magnet provides an 
inward kick of 10.34 mrad. This produces a 
coherent betatron oscillation of the beam bunch. 
The location of the second kicker in straight 
section 2 is 180’ in betatron phase from th’e first 
kicker. The second kicker produces a 10.34 mrad 
outward kick which adds to the deflection angle 
produced By first kicker. Each of the kickers is 
1.0 m long and operates at 0.0625T. The 
extraction septum magnet provides a 62.3 mrad 
deflection angle. It is 1 meter long and operates 
at 0.376T. The final extraction benching magnet 
is 2 meters long, operates at 1.4T, and provides a 
460 mrad angular deflection. 

Discussion 

Several features of an FFAG accelerator 
suggest that this concept is well suited to use as 
an intense pulsed spallation source. The 
injection and capture in a dc magnetic field using 
charge exchange l-l- + Ir’ injection has the 
potential for extremely high efficiency (“99X) 
since the rf voltage and frequency can be 
programmed with only that goal to achieve. The 
use of solid metal vacuum chambers provide very 
low impedances for beam instabilities, espedially 
since the injection buplpers and extraction kickers 
are not seen by the beam beyond the immediate 
injection-extraction period. The energy gain per 
turn during acceleration can be made virtually 
constant so that most efficient use of the rf 
cavities is possible. More usable straight 
section space is available since the transverse 
focusing elements are contained totally within one 
magnet per lattice cell. The cost is much less 
than equivalent proton drivers. 

Based on IPNS-I scaling, the peak neu 
fluxes during the pulse would be 1.16 x 10 if” 

n/cm2-sec. This flux would be almost 23 times 
more ‘than the WNR-PSR facility at the Los Alamos 
National Laboratory and the SNS facility at the 
Rutherford-Appleton Laboratory based on equivalent 
scaling. The ASPUN facility would equal the 
proposed SNQ facility the KFA Laboratory, Jiilich, 
Germany. 

This conceptual design is adequately complete 
to satisfy proof-of-principle and encourage’ 
further development. Argonne proposes to build a 
mini-ASPUN FFAG that could be used to test the 
design of the magnet, the efficiency of capture 
and acceleration, and the stacking process. The 
machine would be added to the IPNS-I facility 
using the existing 50 MeV linac, transport lines 
and target . The mini-ASPUN FFAG would operate at 
500 MeV, 100 pa, and 30 Hz. This machine is 
described in some detail in the talk by G. H. 
Lander at this conference and so will not be 
described in further detail here. 
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Extraction is accomplished in one turn with 
two fast ferrite kicker magnets and a thin septum 
extraction magnet and a final bending magnet. A 
plan view of the extraction system is shown in 
Figure 7. The first fast kicker is located in 
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ACCELERATOR PROJECT GEMINI 
FOR INTENSE PULSED NEUTRON AND MESON SOURCE AT KBK 

H. Sasaki and GEMINI Study Group* 

National Laboratory for High Energy Physics 
Oho-machi, Tsukuba-gun, Ibaraki, 305, Japan 

Abstract 

A rapid-cycling synchrotron is designed for 
intense pulsed neutron and meson source at KEK. This 
800 MeV accelerator aims to deliver proton beams of 
500 uA in time average. This paper describes concep- 
tual design of the accelerator and also points out some 
technical problems to be overcome in order to realize 
the project. 

Introduction 

Five hundred MeV Booster Synchrotron at KBK, which 
is delivering 2 pA proton beam in time average, is used 
as a pulsed neutron and meson source of Booster Syn- 
chrotron Utilization Facility (BSF) as well as an 
injector for 12 GeV Proton Synchrotro_n in a time-shared 
mode. At present, a project of H charge exchange 
injection is in progress to increase the beam intensity 
of the booster, and also energy-up of the presept 
20 MeV injector linac to 40 MeV has been discussed . 
These correspond to a relatively short term program 
KENS-I', including the conversion of the present 
tungsten target to a depleted uranium. KENS-I' program 
aims to increase the neutron beam intensity by about 
one order of magnitude by improving the present accel- 
erator and target system. On the other hand, a long- 
term future program of BSF was discussed informally 
since the fall of 1980. This is the construction of an 
intense pulsed neutron source (KENS-II program) and the 
extension of the present meson science experimental 
facility BOOM (Super-BOOM project). A tentative 
program has been presented a$, the meeting on the BSF 
future program on March 1982 . This was the first 
formal presentation. The most important part of this 
program is the construction of a high intensity proton 
accelerator. 

Accelerator Design Principle 

An accelerator system for KENS-II and Super-BOOM 
is called GEMINI, which is abbreviation of "a Enerator 
of meson-intense and neutron-intense beam". This is an 
800-MeV rapid-cyclingsynchrotron aiming to deliver the 
proton beam of 500 uA in time average. Unlike the 
present meson factories or spallation neutron sources 
worldwide except those in BSF, GEMINI should deliver 
equally the pulsed proton beams to each of the meson 
and ne"tro* experimental facility. And it may be 

possible that GEMINI will replace the 500 MeV booster 
as an injector for the present 12 GeV PS. This leads 
to the determination of the accelerator size to be a 
half of the circumference of 12 GeV PS, that is, 27 
meters in average radius. In BSF, the unique features 
of the 70 nsec pulsed proton beam are effectively used 
for the time-of-flight technique in the neutron 
scattering experiments and for the studies on the 
relaxation phenomena of condensed matters with uSR. In 
GEMINI, it is also required that a single bunched beam 
is simultaneously supplied to each of the neutron and 
meson experimental facility. This determines uniquely 

* T. Adachi, H. Baba, S. Inagaki, Y. Irie, 
N. Kaneko, T. Kawakubo, M. Kumada, S. Matsumoto, 
M. Miki, I. Sakai, H. Someya and Y. Yano. 

the harmonic number of RF acceleration system is 2. 
Particularly, some kinds of uSR experiment ask a single 
short bunched beam less than 30 nsec in bunch length 
even at the sacrifice of beam intensity. 

The accelerator parameters are listed in Table 1. 
The accelerator will consist of an H- ion source, pre- 
accelerator including RFQ linac, 100 MeV Alvarez-type 
linac, and 800 MeV rapid-cycling synchrotron. The 
layout of the accelerator is shown in Fig. 1. 

Table 1 A New Pulsed Neutron and Meson Source GEMINI 

Maximum kinetic energy 
Maximum intensity 
Repetition rate 
Average beam current 
Injection energy 
Injected H beam current 
Number of turns of injected beam 
Beam pulse width of injected beam 

Magnet radius 
Average radius 
Number of period 
Length of straight section 
structure 
Beratron frequency per revolution 

Horizontal 
Vertical 

Revolution frequency 

Maximum beta-function 
liorizontal 
Vertical 

!4omencum compaction factor 
Transition energy/rest energy 
Beam emirtance 

800 MeV 
LOO Mev 

Number of bending magnets 
Lengrh of bending magnets 
Length of quadrupole magnets 

Focussing magnet 
Defocussing magnet 

Bending maenet field 
800 M& 
100 MeV 

Quadrupole magnet peak field gradient 

Peak energy gain per turn 
Harmonic number 
RF frequency 
Maximum RF volraae 
RE bucket area - 
Number of RF stations 

800 MeV 
6 x 10" p/p 
50 Hz (100/3 Hz h 100 Hz) 
500 UA 
100 l4ev 
30 mA 
>240 
>330 ps 

7.00 q 
27.00 m 
24 
3.008 m 
FBDO 

6.8 
7.3 
0.757 - 1.489 MHz 

12.4 m 
12.9 m 
2.71 x 10-2 
6.07 

0.29 x 0.16 (m rad)' 
0.97 x 0.52 (mm rad)' 

24 
1.833 m 

0.525 m 
0.565 m 

0.697 T 
0.212 T 
4.18 T/m 

90.6 keV (60.4 keV) 
2 
1.513 - 2.978 HHz 
214 kV (166 kV) 
1.89 eV*sec 
8 

7.2 x 10'" protons 

Accelerator System 

Lattice Structure 
Four lattice structures were examined. Finally. a 

highly symmetric lattice with high tunes was chosen 
from them; 24 equal FBDO cells with a phase advance of 
about 90' per cell set the betatron tunes around 7. 
For a given mean radius of the accelerator, such high 
tunes lead to smaller aperture magnets for a constant 
space-charge limit. High tune means a high transition 

energy, which has advantages to both of the longitudi- 
nal and transverse instability of beam. On the other 
hand, this leads to a large number of unit cells, hence 
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Fig. 1 GEMINI Layout 

the shortening of the length of straight section where 
devices for extraction and acceleration are installed. 
The choice of horizontal and vertical tune of 6.8 and 
7.3 is somewhat arbitrary, and more detailed studies 
might be considered on x-y coupling, acceptance choice, 
beam extraction optics, etc. Figure 2 shows amplitude 
and dispersion function along the beam orbit. 

Injector Linac 3) 

100 MeV linac with-a 30 mA H- ion beam is assumed 
as an injector to the synchrotron. The accelerating 
strucuure of this inject-or system is divided into'three 
stages: 50 % 100 keV H ion source, 1 MeV RFQ or APF 
and 100 MeV Alvarez linac. Even thouth the attainable 
maximum energy through RFQ linac requires a deliberate 

0 2 
Ih) 4 6 

Fig. 2 Amplitude and Dispersion Functions 

study, 1 MeV injection energy will certainly be 
attainable, which enables us to use klystron working 
around 400 MHz as RF power source. This will simplify 
the power system of the linac. 

If the Alvarez linac is excited at 400 MHz, the 
diameter of cavity is reduced nearly to a half of the 
present proton linac at KEK, and the average acceler- 
ating field can be made higher, say, 3.5 Ml/m. With 
the fixed dimensions of drift tube (bore diameter: 1.0 

outer diameter: 
Z'cm) 

9.0 cm) and cavity (diameter: 
, the values of transit time factor, effective 

shunt impedance, power loss, etc. were calculated as a 
function of the half-gap length. Table 2 shows accel- 
erating energy by each cavity, cavity length, number of 
cells contained in a cavity and RF power for 6 parti- 
tions at the average accelerating voltage of 3.5 MV/m. 

Table 2 Features of 100 MeV Injector Linac 

Cavity Energy Length Number of Power (MW) 
Number (MeV) (m) cells Cavity Beam Total 

1 18.37 7.267 81 0.852 0.521 1.373 
2 35.57 7.138 41 0.835 0.516 1.351 
3 52.68 7.305 33 0.870 0.513 1.383 
4 69.93. 7.483 29 0.911 0.517 1.428 
5 85.38 '7.180 25 0.898 0.464 1.362 
6 100.39 7.458 25 0.929 0.450 1,379 

The momentum spread of the beam at the exit is 
expected to be kO.3 X, and the normalized acceptance in 
the transverse plane is estimated to be 20 mm*mrad with 
the first quadrupole magnet of 1.5 T/m in field 
gradient. 

The build-up time of the cavity for Q = 6.5 x lo4 
is about 275 Hsec. If one adds 100 Hsec as a margin to 
the minimum beam duration 350 psec, the duty factor 
becomes 3.6 %. 400 MHz klystron with duty factor of 
5 % and peak power of 2.5 MW is expected to be devel- 
oped without much difficulty. 

Iniection 
Beam injection will be carried out in horizontal 

plane. In order to store the number of protons of 6 x 
1Or3 into the synchrotron with a 30 mA H- ion beam, 
injection would occur at least over 240 turns requiring 
330 usec. We assume the normalized emittance of linac 
beam of 10 mm*mrad in both transverse planes. A phase- 
space area of 460 mmmrad (H) x 246 mmamrad (V) has to 
be filled with this beam. For the purpose of filling 
the horizontal phase space, injection starts with a 
horizontal bump orbi;, which coincides with the injec- 
tion orbit of'the H ion beam at the exit of a focus- 
sing quadrupole magnet as shown in Fig. 3. 
stripper of 120 ug/cm' 

A charge 
carbon foil is set downstream 

the Q magnet, whose radial position must be outside the 
beam envelope at the end of injection. The bump orbit 
will be provided by means of a pair of bump magnets and 
a small trim quadrupole magnet. The density distribu- 
tion of the beam after injection is regulated by 
choosing a proper decay waveform of the bump field. 
The maximum amplitude of the bump orbit requires bump 
field of 0.33 and 0.32 T for the 0.2 m long magnet Bl 
and B2, respectively. Filling of the vertical phase 
space will be achieved with a steering magnet intro- 
duced into the H- injection line. 

The beam intensity aimed by GEMINI is very huge 
and expected to be 6 x lOi protons/pulse. Even though 
only one percent of the beam is lost, this is equiva- 
lent to the full intensity of the present 500 MeV 
booster synchrotron at KBK. Most of the beam loss in 
transverse planes at injection will come from the beam 
blow-up due to the multiple scattering and stripping 
inefficiency by the charge stripper. The charge 
stripped proton beam scans radially with decaying 



Fig. 3 Injection Optics 

closed orbit. The effective number of traverse of the 
circulating proton beam through the stripper is at most 
forty times for a 30 mA, 20 % chopped H- ion beam of 
420 nsec in time duration. Using a 120 I.rg/cmr thick 
carbon foil, it is possible to keep the beam loss less 
than a fraction of percent and to localize the most 
likely unavoidable losses due to the stripping ineffi- 
ciency by means of proper beam scrapers and collectors. 

Ring Magnets 
The accelerator ring is made of 24 bending and 48 

quadrupole magnets. The required semi-aperture of 

Fig. 4 Gap and Core Geometry of Ring Magnet 

good-field region is 11.5 cm x 7.4 cm and 13.5 cm x 
9.0 cm in the bending and quadrupole magnet respective- 

lY* For the vacuum chamber, it is necessary to add 3 
and 4 cm in horizontal aperture of the bending and 
quadrupole magnet respectively to allow the room for 
injection and extraction of beam. The cross-section 
of the ring-magnet is shown in Fig. 4. 

The ring magnet is excited with a repetition rate 
of 50 Hz. All of the bending and quadrupole magnets 
are divided into twelve groups. These are connected in 
series through resonant capacitors and forms a ring 
circuit. The dc bypass of the capacitors for the dc 
bias current is provided by installing chokes in 
parallel to the capacitors. In order to reduce the RF 
accelerating voltage, the magnet system would be 
excited by a dual-frequency system with resonant 
frequency of 100/3 ant) 100 Hz as proposed by M. Foss 
and W. Praeg at ANL . This reduces the peak RF 
voltage of 214 kV to 166 kV. The switching system of 
resonant capacitor would be more simplified by 
replacing .ordinary thyristor with GTO (gate turn-off) 

'ch is capable of self-breaking. 
;ly:;;z;r;a;!$* 

The test 

The maximum voltage imposed on the exciting coil 
should be kept within 10 kV to the earth. -This sets a 
limit to the number of turns of the coil and leads to a 
considerable power dissipation due to eddy current 
circulating in hollow conductor. Reduction of the eddy 
current loss will be achieved by using hollow conduc- 
tors of parallel current circuits and by transposing 
those circuits each other at the connection points 
between coil pancakes as successfully applied at the 
KEK booster synchrotron magnet. Even though such a 
procedure is applied, a considerable amount of the eddy 
current loss takes place as shown in Table 3. Develop- 
ment of a stranded cable with cooling pipe for coil 
conductor would make free from eddy current loss, which 
leads to the reduction of the number of turns of coil 
and hence the voltage across the coil and the peak 
voltage applied to GTO thyristor. 

RF Acceleration 
We assume a 100 MeV iniected beam with an effec- 

tive full momentum spread oE 0.75 %. The emittance of 
such an injected beam is 0.94 eV*sec for the accelera- 
tion system with harmonic number of 2. If the RF 
bucket area has to be twice of this emittance, the 



Table 3 Power Consumption of Magnet System 
(100/3 & 100 Hz Dual Resonant Frequency Mode) 

Hagnet (24 BH, 48 QM) 
BM QM 

P*= 
ohm 

36.4 kWw/maa. 19.4 kW/maa. 

PPC 
ohm 

5.2 2.7 

P 
eddy 

12.5 6.7 

'iron 3.8 1.1 

Enerw-storage Choke Condenser 
(12 meshes) (12 meshes) 

PdC 
ohm 32.5 kW/mesh 

PC 51.4 kW/mesh 

Pat 
ohm 4.6 

P 
eddy a.4 

'iron 7.5 

Total Power Loss Total Stored Eneray 

'dc 
2.19-m+ 

"dc 
990 w 

Pa: 1.88 hw u 281 k~ ac 

required peak RF voltage through the acceleration 
period is 166 kV in the 100/3 Hz operation of the guide 
field magnet. The RF voltage program and relevant 
parameters of RF bucket are shown in Fig. 5. The 
required RF voltage will be provided with eight RF 
stations, each of which is installed in a 3 m long 
straight section and consists of two reentrant ferrite- 
loaded cavities. A low impedance .cathod-follower is 
proposed as a final-stage power amplifier in order to 
compensate for a large beam loading. Parameters of the 
RF acceleration system are @ted in Table 4. 

In GEMINI using the H charge-exchange injection 

scheme, the most likely beam loss at around injection 
will result from the inefficiency of beam trapping in 
the longitudinal phase space. RF capture efficiency in 
ordinary methods will be at most 80 % with reasonable 
parameters. Particularly in a high intensity machine 
such as GEMINI, therefore, the beam loss at RF capture 
should be significantly reduced. A chopper will be 
introduced into the beam line following the preacceler- 
ator. Computer simulation showed that the inefficiency 
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Fig. 5 RF Voltage-Program and Relevant Parameters of 
RF Bucket 

Table 4 Parameters of RF Acceleration System 
(100/3 and 100 Hz dual resonant freq. 
mode of guide field) 

Harmonic number 2 
RF acceleration frequency 1.513-2.978MHs 
Peak RF voltage 166 kV 
RF bucket area 1.89 eV*sec 

Number of RF stations 
Number of cavities per station 
Cavity length 
Ferrite inner/outer diameter 
Max. flux density of RF field 

8 
'2 
1.2 m 
0.30 m/0.50 m 

Bias current 
in ferrite 

Shunt impedance of RF cavity 

QlOO Gauss 
550-2,050 A 
2.7 kfl 

Total average RF loss of ferrite 
Average power delivered to beam 

125 kW 
350 kW 

of adiabatic trapping process is less than 1 % in the 
synchronous injection of a 20 % chopped beam into RF 
bucket. 

While the required bunch length is some 200 nsec 
or less for the spallation neutron source, special pSR 
experiments require a very short single bunched beam, 
say, 30 nsec. This is one of the important options of 
the accelerator. Assuming typical RF accelerating 
voltage programs with a limited maximum voltage, the 
bunch length at the maximum energy was estimated in 
both cases of adiabatic damping and non-adiabatic 
method. In the later case, a sudden increase in the RF 
voltage around the maximum energy will cause the bunch 
to rotate in longitudinal phase space and the bunch 
would be upright after a quarter of a synchrotron 
oscillation period. Extr ction 
bunch length is a minimum g, 

should occur when the 
. It was confirmed by using 

the present 500 MeV booster at KEK that this method 
seems to be promising to realize the desired short 
bunched beam, provided at some sacrifice of beam 
intensity. 

Extraction 
Beam extraction is performed by the horizontal 

single-turn extraction. The emittance of the extracted 
beam is assumed to be twice of the expected one from 
adiabatic damping of the initial emittance. Then, the 
full size of the beam including a dispersion due to the 
momentum spread of 1 % is estimated to be 74 mm at the 
entrance of the septum magnet, which is located in a 
straight section following a defocussing quadrupole 
magnet. Kicker magnet, therefore, must give a kick 
sufficient to clear such a beam size plus a 10 mm thick 
septum. The available space for the kicker magnet is a 
3 m long straight section located upstream the septum 
straight section by an amount of about IT/~ radian in 
phase advance. The required kick angle is 28 mrad, 
which is too large to be achieved with one kicker 
magnet located in the 3m long straight section. 
Another kicker magnet, therefore, is installed at a 
straight section upstream the first kicker magnet by 71, 
radian to realize the required kick angle at the first 
kicker position. In addition to those kickers, several 
orbit bump magnets will be used to the purpose of 
manipulating the beam positions just before the extrac- 
tion. Figure 6 shows the extraction trajectory of 
beam. The deflection by the kicker magnet is 15 mrad 
for the first and second magnet. The septum magnet is 
divided into two parts, each of which deflects the beam 
by 150 and 225 mrad, respectively. These bends provide 
a separation of 80 cm between the central orbit and the 
central line of the extracted beam at the exit of.the 
septum magnet. This distance is long enough for the 



Fig. 6 Extraction Optics 

extracted beam to clear the yoke of the quadrupole 
magnet following the septum magnet. Parameters of the 
kicker are listed in Table 5. Each kicker magnet, 
which is installed in a long straight section, is 
divided into two-different types K and K located to 
upstream and downstream side of t%e stra ght 4 section 
according to the difference of beam size. 

Table 5 Parameters of Ferrite-loaded'Delay-line Type 
Kicker Magnet 

Ku (2 units) Kd(3 units) 

Deflection angle: Total (mr) 15 
Each (mr) 3 3 

Gap height (mm) 180 120 
width (mm) 200 200 

Magnet length (mm) 600 350 
Flux density in gap (T) 0.024 0.042 
Exciting current &A) 3.5 4.0 
Impedance (ohm) 10 8.8 
Inductance per cell (pH) 0.084 0.110 
Capacitance per cell (nF) 0.84 1.4 
No. of cells 10 10 

Correction Lens System 
For the sake of simplifying the power supply for 

the resonant network, the bending and quadrupole 
magnets are connected in series. Trim-quadrupole 
magnet system, therefore, must be introduced to keep 
the flexibility of tuning in the tune diagram. Assum- 
ing the variable range of tune is within kO.5, four 
pairs of focussing and defocussing magnet are required, 
whose length and field gradient are 0.5 m and 1.53 T/m, 
respectively. 

The natural chromaticity 5 = AQ/(Ap/p) is consid- 
erably high, that is, -9.1 for the horizontal plane and 
-10.2 for the vertical plane, respectively. If those 
chromaticities would be eliminated, eight sets of F- 
type and D-type sextupole magnet are required, whose 
field is 36.8 T/m2 and -60.1 T/m2 for a 0.3 m long 
magnet. Such quantities will be sufficient in practice 
to suppress head-tail effects, which might take place. 

At present, it is an open question to introduce 
the octupole magnet for Landau damping. 

Layout of the trim-quadrupole and sextupole 
magnets is shown in Fig. 1. 

Vacuum Chamber 
The vacuum chamber will be made from about 300 mm 

long sections of pure alumina, which are joined by 
metallizing the ends and brazing in vacuum. The 
lengths of vacuum chamber to be manufactured are within 
the limits of joining in this method, which enables us 
to attach directly metal flange at the end of the 
chamber. 

Concluding Remark 

The above-mentioned is only a preliminary design, 
and the design study is still in progress. Many 
problems are remained to be solved: 

1) Design of each accelerator component in more 
detail, 

2) Design studies of the items which have not been 
set about, 

3) Layout including experimental facilities, 
4) Cost estimation and time-schedule, etc. 

R & D for some of technical problems is in progress; 
for example, construction of RFQ linac, manufacture of 
a permanent quadrupole magnet for linac drift tube and 
beam chopper for output beam of preaccelerator, appli- 
cation of GTG thyristor to the dual-frequency system of 
ring magnet power supply, development of stranded cable 
with cooling pipe as magnet coil conductor, etc. And 
also experiments such as beam bunch shortening test 
will be carried out by practical use of the existing 
accelerator and experimental facilities. 
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TRIUMF KAON FACTORY AS A POTENTIAL NEUTRON SOURCE 

E.W. Blackmore 

TRIUMF, Vancouver, B.C., Canada V6T 2A3 

Summary 

TRIUMF is considering the construction of a “kaon 
factory” post-accelerator to take the present 100 !JA 
proton beam (6x10 l4 p/s) from 500 MeV to energies in 
the range of 15-30 GeV. This facility would produce 
secondary beams of kaons, antlprotons, neutrinos and 
other particles with an intensity of the order of 100 
times present accelerators and would open up new fields 
in both nuclear and particle physics in the same way 
that the meson factories LAMPF, SIN and TRIUMF have 
done at sub-GeV energies. Although, the production of 
neutron beams is not one of the prime motivations for 
constructing this facility, the high proton currents, 
in particular from the booster stage of acceleration, 
would make a unique spallation neutron source. This 

paper gives a brief report on the status of the kaon 
factory accelerator studies and describes the param- 
eters of the proton beams which could be made available 
for neutron production. 

Introduction 

The TRIUMF cyclotron’ is a six-sector isochronous 
machine accelerating K ions to a maximum energy of 
520 MeV. Five K bunches per turn are accelerated, 
each bunch separated by 43 ns (23 MHz) and with a bunch 
width of 5 ns (220’). A 5 mg/cm2 carbon foil is used 
to strip the K to K for extraction and at the present 
time three proton beams may be extracted simultaneously, 
two with an energy range 180-520 MeV and a low energy 
beam 60-100 MeV. 

The cyclotron delivers currents of 150 !JA cw with 
an emittance of 2x mm-mrad. A plan view of the 
facility is shown in Fig. 1. The proposed kaon factory 
will be fed by beam line 2A although for some of the 
schemes beam extraction by foil stripping will not be 
used as it is more advantageous to extract the K Ions 
directly to allow for charge exchange injection to the 
next stage. 

Accelerator Energy and Beam Characteristics 

The physics justification for a kaon factory is 
well documented.2* 3 The interest in such a facility 
ranges from experimental studies of rare kaon decays, 
CP violation, neutrino and antinucleon interactions, 
hypernuclear physics to extensions of studies carried 
out at meson factories such as hadron-nucleon interac- 
tions and uSR. The energy chosen for a kaon factory 
accelerator depends on the range of secondary particles 
(K,F, v) desired, their intensities and momenta. Some 
typical cross sections4 for low momentum kaon and anti- 
proton production are shown in Fig. 2 as a function of 
incident proton energy. If the assumption is made that 
facility costs scale with proton energy, the Fig. 2(b) 
curves show how the relative cost/particle varies with 
incident energy. This puts the optimum energy between 
15-20 GeV for the production of low momentum < 2 GeV/c 
secondary particles but higher if momenta > 5 GeV/c are 
required. 

MESON HALL 

SPECTFOMETER 
SERVICE ANNEX 

Fig. 1. Layout of TRIUMF cyclotron and beam lines (- existing, --- proposed). 
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Fig. 2(a). Production cross sections on a 1 cm tungsten target 
as a function of proton energy. 

The required time structure of the beam 1s con- 
tinuous (cw) for most applications, in particular those 
requiring many-particle coincidences, but for neutrlno 
experiments a macroacoplc duty cycle of 10e5 or better 
is needed. 

For a neutron spellatlon source the four param- 
eters that establish the accelerator requirements are 
intensity, energy, pulse length and repetition rate. 
The intensity of 100 UA (6x1014/s) would make the 
facility competitive with the z~NS.~ The energy of the 
kaon factory 1s too high for optimum neutron production 
from target, moderator and shielding considerations. 
The yield of neutrons is linear with (E(MaV) - 120) to 
approximately 2 CeV6 and then rises more slowly due to 
range and moderator effects. An energy in the range of 
l-3 CeV is therefore required. 

The pulse length of existing or proposed faclll- 
ties ranges from the 1 ns option of the LAMPF PSR7 to 
500 ~ls for the SNQ. b The repetition rates vary from 
12-100 Hz. P. Egelstaff’ has described two new dlrec- 
tions for neutron scattering and their beam require- 
ments: 

- neutron diffraction with 100 eV neutrons 
- single pulse diffraction 

In the first case a pulse length of 100 ns or less is 
required but the repetition rate can be as high as 
1-5 kHs. In the second case the maximum number of 
protons/pulse is desired -1015 protons/pulse and the 
repetition rate can be less than 1 Hz. . 

The beam requirements for a neutron spallatlon 
source are very similar to those required for both a 
neutrino source and a pulsed muon facility, a fact 
recognized at LARPF, SNS and KEK where these installa- 
tions either exist or are planned. For a pulsed muon 
facility the pulse length must be a small fraction 
(<5%) of the muon lifetime which is 2.2 us. 

Accelerator Options 

A number of accelerator options are being consld- 
ered at TRIUMF and are shown in Fig. 3. Possible 
neutron sources within these accelerator schemes are 
also indicated. 

NORMALIZATION 

I I I I 

5 IO 15 20 25 

PROTON ENERGY GeV 

Fig. 2(b). Relative cost per particle assum- 
ing facility costs scale with proton energy. 

Cyclotron Option 

Matching to higher energy cyclotrons is obviously 
the most straightforward and designs have been made for 
a pair of superconducting cyclotrons with parameters a8 
shown in Table I., Pole shape designs have been found 
which can maintain isochronism and vertical focusing to 
15 CeV. ID Although the proton beam would ba cw, with 
the same 23 MHz microstructure as for the lRIUMF c clo- 

rl tron, the possibility exists just as for the ASTOR 
ring of using phase-expansion techniques to stack up to 
500 turns in the intermediate ring at 3.5 CeV. These 
turns vould then be extracted as a single turn giving a 
10 kRr pulse structure to the beam. This pulse repeti- 
tion rate could be reduced with commensurate reduction 
in average intensity by pulsing the ion source. 
However, there is no current limit to this scheme and 
it wauld be feasible to operate at the equivalent 
current of 400 UA cu. 

Synchrotron Option 

The intensity limit of a synchrotron is usually 
set at injection by space charge and phase-space con- 
siderations. The transverse space charge defocusing 
effects lead to an incoherent tune shift which from 
experience has to ba kept to a value around 0.25. 

Table I. Superconducting cyclotron specifications 

Stage I II 

Injection energy 430 Rev 3.5 Cev 
Extraction energy 3.5 Cev 15 Cev 
# sectors 15 42 
Radius @ax> 10.1 m 41.4 m 
Radius (min) 7.5 m 40.6 m 
1 cavities (1 MV) 9 54 
RF frequency 46 tiRs 115 MHZ 
Rarmonics 10 100 
Excitation currents 2.1 x lo6 At 2.5 x lo6 At 
Coil dimensions 8 x 60 cm= 8 x60 cm= 
Sector f leld 4T ST 
Cap width 7 cm 7cm 
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DC 

I 
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T 
TRISTOR 

Ii- 
ACC 
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E ‘9 3 Gev 
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RAPID CYCLING 
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K+ 
ACC 

Fig. 3. Post-accelerator options using the TRIUMF cyclotron as injector. 

Figure 4 shows the dependence of the total charge of 
protons (N) in the ring on energy for a tune shift 
AQy = 0.25, a magnet aperture of 16 cm x 9 cm and a 
bunching factor of 213. At low energy (<<l GeV) the 
self-force term dominates and N u 6’~~. and at higher 
energies the image force terms take over and N _ Y. To 
achieve the desired 100 UA at 500 MeV injection energy, 
where the space charge limit is 11 PC, a repetition 
rate of 9 Hz is required. For a slow-cycling synchro- 
tron with a repetition rate of 1 Hz an injection energy 
of 3 GeV is required. Two synchrotron options are 
being studied, a 16 GeV rapid-cycling synchrotron which 
would not need en injection booster for space charge 
reasons, although for rf reasons a booster would be an 
advantage, and a 30 GeV slow-cycling synchrotron 
injected from a 3 GeV booster. 

The lattice design for these options will not be 
described here. Longitudinal defocusing effects at 
transition are eliminated by raising the transition 
energy to above the maximum energy of the synchrotron 
by imposing a superperiodicity close to the value of 
the horizontal tune: this can be achieved either by 
adding quadrupoles or by spacing the dipoles 
appropriately. 

The matching of a 23 MHz isochronous cyclotron to 
a synchrotron operating at 9-30 Hz is perhaps the most 
difficult technical problem. Three schemes are being 
considered, l2 all of which require extracting the H’ 
ions from TRIUMF: 

- stacking 160 turns in TRIUMF with pulsed 
extraction 

- extracting as a cw H- beam and stacking 15,000 
turns in an external phase expansion ring TRISTOR 

- extracting as a cw H’ beam and injecting directly 
into an accumulator ring using the extremely good 
emittance of the TRIDMF beam to reduce foil 
traversals 

This extraction will be achieved using an auxiliary rf 

, 

cavity shown 
provide turn 

in Fig. 5 to either decelerate the beam to 
compaction for the pulsed extraction or to 

accelerate the beam to provide sufficient turn separa- 
tion for the installation of a septum for cw extraction. 

ACCUMULATOR 
- R = 18R 

T 

SLOW CYCLING 
SYNCHROTRON 
E = 30 GeV 
f = 1.0 Ha 

DC STRETCHER 
RING 

Figure 6 shows one scheme for matching to a 1 He 
synchrotron. After rf stacking in the TRIDMF cyclotron 
a beam pulse consisting of 160 turns (800 TRIUMF 
pulses) Is injected by charge exchange on a 200 &cm* 
carbon foil into a dc accumulator ring in the booster 
tunnel. Foil traversals are reduced by using a strip- 
ping foil much smaller than the accumulator magnet 

SPACE cpfm ynrr 
200 ’ I I I I I 1 I . 

,80 _ ’ NbC) 
, 0 $7 term 

160- 4 yterm 

140 - 

120 - 

100 - 

80 - 

0 ‘,‘,‘,‘,‘,‘,‘,’ 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Energyt GcV) 

Fig. 4. Transverse space charge limit for the 
synchrotron option as a function of injection 
energy. 
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OECELERATOA 

DC STRETCNER 

1 3OW 

Fig. 5. Auxiliary rf cavity for decelerating or Fig. 6. Scheme for matching the TRIUMF cyclotron to a 
accelerating beam for H extraction. slov-cycling synchrotron. 

aperture and by “painting” the beam across the magnet 
aperture in transverse and longitudinal phase space. 
The booster is then filled on each cycle and after 
acceleration the pulses are transferred in boxcar 
fashion to a dc accumulator in the main ring, which has 
a circumference 9 times the booster. 

A layout of the proposed 30 GeV ring is shown in 
Fig. 7. The synchrotron tunnel would be approximately 
1 km in circumference and buried 8-20 m below grade 
level. 

Potential Neutron Sources. 

Both the 3.5 GeV intermediate stage of the cyclo- 
tron option and the 3 GeV booster/accumulator offer 
unique but quite different proton beams which could be 
used for a spallation neutron source. The relevant 
beam ,parameters are listed in Table II. 

The short pulse length and high repetition rate of 
the cyclotron beam could provide a neutron source com- 
patible with high energy (100 eV) neutron diffraction 
experiments. The large number of protons/pulse, espe- 
cially from the main synchrotron accumulator ring could 
provide a high intensity neutron pulse for single pulse 
diffraction. 

The kaon factory design study is still in 
progress, many problems remain to be solved, and none 
of the options has yet been singled out as the direc- 
tion for detailed studies. This progress report is 
intended to indicate the potential of the proton beams 
from the proposed kaon factory and to elicit input from 

the neutron scattering community to ensure that their 
requirements are not overlooked in the design study. 
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HALL 

Fig. 7. Proposed 30 GeV accelerator layout. 

Table II. Potential neutron sources using TRIUMF kaon factory 

booster slow-cycling ring 
synchrotron accumulator cyclotron 

Energy 
Radius 
Repetition rate 
Protons/second 

Protons/pulse 
Pulse duration 
Pulse period 
Microstructure 

3 Gev 3 Gev 
15 m 135 m 

6 ‘x:14 
1.0 Hz 

6 x 1014 
(100 W) 7 x 1013 (100 6 x 10 ?I 

0.32 us 2.9 us 
0.11 8 IS 

2 ns/16 ns 2 ns/16 ns 

3.5 Gav 
7.5-10.1 m 

dc or 10 kHz 
6 x 1014 

6xl:““(%kRx) 
0.22 iI8 

100 ns 
10 ns/43 ns 

0.3 ns/43 ns(dc) 

. 
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ABSTRACT 

Reaction r.t.r for fission rmoduct. and spallation products 
produc.d by bombarding natur*l load and d.pl.ted uranium 
foils with protons at 600 l4.V and 1100 N.V hav. boon dotar- 
mined using GeCLi) spectroscopy methods. The foils *.r. 
p1ac.d on the b.am entrant* face Of * thick r.ctangular t.r- 
get block of tli. r.sp.ctiv* material. Spectra of ge.m**--r*y* 
emitted in the d.cay of th.s* products botr..n on. hour and 
on. ye.r after irradiation ..r. obtained. Gamma-rays WC. 
assign.d to th. r.sponsibl. products by matching g.m.*--ray 
.n.rgi.s and h*lf-1iv.s. Reaction rat.= ..r. th." obt*in.b 
from th. data by first detrrmining tha appropriate g*mm*- 
ray activity *s of the and of th. irradiation. corr.cting 
for det.ctor .ffici.ncy and palm*--ray tr*nsition probability 
and dividinq by th. bea* current. 
Th. resulting ;.actAon rat.s er. c0mpar.d sith mod.1 crlcu- 
lations at 1100 Il*v. Th. gen.ral shapes of th. distributions 
of reaction r.t.s Y.PIUS q .s. nunbw agr.. frirly. but 
thw. ar. large d~rcreprnci.s b.tue.n individul dat* 
points and calculation. R**sons for this IF. discuss.d. 
especially regarding the .ff.ct of n.utrons and secondaries 
which w. produced in th. targ.t block. 

95616 

EXPERIMENTAL 

1arg.t foils of 1.0 mm thickn.ss .nd 30 mm dia*.t.r I.?. 
placed on the beam entrant. fat. of * larg. t*rg.t simu- 
lating an "infinitely thick. spellation targot. T*o t*rg.t 
matwials mwe chosen for investigation. l.*d of natural 
composition and d.pi*t.d uranium eith an U-235 content of 
less than 0.5 2. 
The .xperinents m.r. conduct.d at Saturn.'Nation*l Labora- 
tory CLNS) rithin the Contra d-5 tud.r Nuc1.air.r d. S*cl*y 
at proton .n.rgi.s of 600 )I.V and 1100 H.V. Th. .v.c*P. 
bum Int.nrity *as up to 80 nA for the 1100 l.V runs and 
UP to 25 nA far th. 600 M,V runs. A ware d.t*il.d d.scrip- 
tion of th. LNS .xp.rim.nts is given in r.f.r.nc. /I/. 
Th* uranium saa~1.s IW. vaiuu* .ncapsul*t.d in aluminum 
c*s.s to prewnt th. .scaping of radioactiv. g*s.s. 
FolIoring each irradiation th. s*mpl.s *.r. as quickly 
mov.d to th. counting *r.* *I al1w.d by h.alth physics 
considerations conc.rni"g th. larg. t*rg.t block. Short 
lived radioisotopes WC. out of th. stop. of this inv.sti- 
gation. 

A C.CLi)-d*t.ctor having .n SO-& rolua. .*s "r.d for th. 
q .asur*m.nts. Th. output of the d*t.ctor **I amp1ifi.d 
using standard equip*.nt. Th. .n.rgy r.rolution for th. 
1332 k.V lin. .*f 2.2 k.V full-ridth at half-¤axiaum. Th. 
d.t.ctor u*s calibrated against IAEA and Pla st*nd*cd 
refwonc. sow-c.* with +Zt *CCW*CY. 
Th. sa*pl.s rer. initrally placed ;om. m.t.rs fro* th. 
face of tha d.t.ctor. Yh." th. counting rat. had d.- 

INTRODUCTION 

Lead and uranium *r. possibl. targ.t haterials for th. 
German high flux neutron sowc. SNO. Therefore. it is 
required to study th. production of residual activity in 
these targ.t materials both from safety and a*int.nanc* 
*sp*cts. 

cr.ss*d. th.y ..I.. l ov.d c1os.r to th. d.t.ctor. Er.n *t 
th. closest dist*nc* of 23 c*, tn. d.t.ction l ffici."cy is 
small enough to l *ke tru. coincid.nt g*rma-ray rum*ing 
nogligibl.. 

T 
-I- 

Thor. *r. tuo possible ways to accomplish this task. Th. 
first is to study * n.*rly r.alistic spallation targot in 
* mock-up .xp.rir.nt. map th. induced activiti.s *t various 
positions insid. the target and derive reaction rates at 
those points. This procedur. h*s beon adopted in th. 
b.ginning of th. SNP study. It is. ho..v.r. not postibl. 
to s.p*r.t. th. co0bin.d inf1u.nc.s of primary protons, 
secondary charged particles and fast or moderated n.utrons. 
Thus, it is not straxghtformard to scale up th. results to 
a r.al spallation target lik. th. propos.d target sh*.l. 

r- 

REF. 
600 MeV a00 MeV 100 llev 

REACTION 

11.0*-3.3 10.5 

11 

9.9 
10-a+-0.7 10.5 10.2 

10.9+-o. 
10.8 

11.0 10.15 10.4 

Cl3 
CZI 
c33 
(63 
El1 

Thsr.for*, the s.Co"d proc.d"r., to ~study th. fundr..ntal 
high energy procsssss *nd to comp*r. these r.sults .ith mod.1 
calculations. should b. pr.f.r*d. In this m*)yt lor .n.rgy 
neutron reactions, which are subject to normal r.actor 
calculations, can b. s.parat.d from high en.rgy proc.ss.s, 
and models for high energy spallation and fission pros.os.o 
can be compared with exp.rim.ntal data direet.ly. This 
results in a combined effort to improv. both th. ddta basis 
and the q od.1. 

The pr.s.nt paper, actually, is betr.en both procedur... 
Data which have been teken in connection with 'infinit.ly 
thick" spallation targets have been reduced to obtain 
distribution. of r..ciion rat.. *s * function of mass nu*b.r, 
so-called mass-yi.ld distributions. 
These have b..n compar.d with calcul*tions for thin targ.ts, 
although th. inflwnc. of s.condari.s *nd neutrons could not 
be excluded. 
The data for fission products and spallation products h*ve 
been obtained in this study by gallma-ray *ss*y of un- 
separated products in thin foils of uraniu 0'1 l.ad. Th.s. 
foils have been bombarded by protons at 600 Il.V and llgg WV 
and gamma-ray spectra have been recorded in time to follor 
the decay of individual gem.*-ray 1in.s. 

19.6H.9118 I 17 Cl1 
C21 
c43 
C63 
c71 

13 12 
15 I d:: 15-o+-1. 

17.3 I 
13.6 
16.3 I 14.0 

Al-27Cp,x39.-7 4.0 I 5.4 I 7.0 
9 I 6.4+-O. 4 a 

7.6 
5.7 

3.8 6.3 7.0 
+ 

*dopt.d values for b.a* *onitor ccoss s.ctionr 
Al-.Z7C~,3pn)Ns-24 11.0 10.9+-0.2 10.5 
Al-27Cp,x>Ns-22 15.0 12.0 
Al-z7CP,x>a.-7 5.0 7.6 

J 

Cl3 G. FRIEDLANDER et al., Phys. R.v. 99Cl9553263 
based on * value of 10.8 mb for Na-24 at 450 M.V 
*s giv.n by L.Marqu.z. Phys. R.v. 86Cl9523 405 

CZ3 J.B. CUHIIING, Ann. Rev. Nucl. Sci. 13(1963>261 
C33 J-8. CUll4ING .t al..Nucl. Inrtr. M.th. laOCl981337 
C43 ".R. HEVDEGGER et al.. Phys. R... Cl4Cl97631506 
CSC E. BAKER .t al., Phys. Rev. 112~195931319 
C61 G. RUSSELL et *~..IcANs-V, Juelicn 1981 
C73 J.TOaAILE" et al., CEA-N-1466Cl3 

TABLE 1. Cross sections for aluminum .onitor r.actions from 
literature and adopt.d values for th. pr.sent .ork- Values 
*r. int.rpo1at.d If no .rror is stat.d. 
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The spectr. were recorded in tin. , starting at best halt 
a" hour after end of irradiation. The last data were taken 
one year thereafter. Counting time intervalls ranged 
betreen five minutes end 24 hour... 

The number of protons Per s?cond hitting the target ues 
determined from monitor reactions in aluminum. Cross 
sections from literature end the adopted values tar the 
reactions Al-27 Cpr3pn) Na-24 * Al-27 CP,X) N.-Z2 and 
AL-27 CPSX) Be-7 are given in table I. The number of re- 
sidual nuclei at end of irradiation is determined by g.IIm.- 
ray spectrometrlc measurements. The adopted nuclear Pr.P.r- 
ties are given in table 2. From these measurements the 
beam intensities in table 3 follor. 

G4MMA-RAY 
ISOTOPE tiALFLIFE . 

ENERGY CKeVl ,INTENSIlY C13 

I Na 21 I 99.96 
100.00 I 

I 2754.10 1 99.85 I 

TABLE 2. Adopted decay properties of Na 24. Na 22 and 8. 7. 

TARGET ENERGY 
I 

INTENSITY 
MATERIAL EH.Vl CPROTONS/SECl 1 

TABLE 3. Beam intensities and irradiation times of the 
experiment discussed in the Present pepw. 

As a reference cross section only the Al-27Cp13pn3N.-2I 
value Y.S used which is given in the literature vith more 
Precision than the values for the other tro reactions. 
For a bean Intensity as calculated from a given Na 21 
production the agreement bet..." calculated cross sections 
for the other tea reactions and the litretur. values is 
only reasonable. 
For the calculatons we assumed . 1SZ error in the beam 
intensities which results tram counting error, error in 
taking the correct irradiation tin. and mainly the error6 
in Production cross sections. 
The irradiation times dursted UP to b2 minutes- The beaM 
intensity ras monitored in five minutes steps by a second- 
ary emission chamber. All irradiations rrn eith only 
sliahtlv varvina beam current so that tar the longer lived . __ 
nuciides no corrections met-e necessary. 
The gamma-ray spectra obtained VW. recorded on magnetiG 
tapa for subsequent computer analysis and isotope identi- 
fication. They uere tirst corrected for analyzer deedtime 
and for random summing eftects. Then the peak area. were 
extracted urinp the cornouter code AGAMEMNON 12,. These 
results rer. input to thi haltlife analysis and nuclide 
identification cod. YELLOY 121r which determines the 
gamma-ray intensities es a function of tine tolloving 
irradiation and assigns to the decay particular Products 
based on matching the gemme-rey energies snd nuclide half- 
lives. The results uer. then corrected tar decay during 
irradiation and for gamma-ray attenuation in the sarP1.s. 

For the present data it was sufticient to include only one 
parent and on. daughter decay. since most of the ~recursec 
nuclides have short lifetimes and had decayed completely 
by the initiation ot the first measurement which revealed 
the respective nuclide. Details ot the methods are re- 
0ort.d 1” reference /2/. 

Th. dissus.ion shows that the resctio" ret.5 uhich to 
obtain is the tin.1 goal Of the experiments eve not the 
direct informatlo" of the app1i.d .rPeriasntal method. 
The prin.ry experimental informations deduced from the 
measured spectra are photo" act'ivities of particular panme- 
ray transitions from decay of tission and spallation prod- 

ucts produced by the irradiation. To determine the re- 
action r.t. of a giv.n product. both the knowledge of 
its nuclear properties and the knorledge of experimental 
paremeters are required. Nucleer properties .P. aemme-rev 
transition probabilities and h.lfliv& ot the Product anb 
its parent. Experimental Parameters are detector efficiency 
at the respective energy, the irradiation history and the 
been intensity as discussed above. 
All these properties and parameters arv themselves possible 
soucc*s of errers. For non-fission products, es~.ci.lly in 
the lead region. eve" the nuclear Properties are not so 
me11 known. 
Thus. it should be evident. that mess-yield distributions 
derived tram gamma-ray spectronetrical-methods 
- miss meny mass chains, which have either weak gemme-ray 

emitters or no gamma-ray emitters et all, 
- mill only give results for . defined set of products 

vith high reaction rates, strong gamma-ray intensities 
and long enough halflives. unless radiochemical sepe- 
ration methods .c. aPP1i.d. 

- show fluctuations even relative to each other due to 
different nuclear properties end their quite ditferent 
influences in deriveing resetton rates from the decay 
charecteristiss of P specific grmma-ray transition. 

RESULTS 

The measured reaction rates for 40 fission and rpdllation 
products in natural lead er. given in table 4: the data for 
56 products in depleted uranium in teble 5. Uncertainties 
include stetistisal errors , fitting errors from the de- 
composition of . gemme--r.y line es . Mublot or triplet, 
counting ret. associated uncertainties. errors in the 
detector l fticiency calibration end the uncertainty in 
braa intensity. They do not include eny errors in nuclear 
properties of the respective fission or spellstion PrOducts. 
Theretore, the nuclear Properties adopted for the crlcu- 
letions are also tabulated in tables 6 and 5. 
Most of then were obtained lrom fhe Erdtmann and Sayk. 
compilation /3/ of gamma-Cay lines and have been checked 
for consistency rith the L.d.r.r and Shirley compilation 
/Cl. For the shorter lived products errors in halflives 
rould contribute considerably to the errors given for the 
reaction ret.*. Uncertainties in the absolute gamma-rey 
intensities should be considered for all Products. 

ReactIon rates for fission and spallation products were 
obtained Primarily tor nuclides heving helflives greater 
than about on. day and having reaction rates greater than 
ZE-07 reactions per PrOton per g/cm* in lead 9 and greater 
than LE-06 reactions per PrOtOn Per g/C"? in uranium. 
Reaction Pates per. not obtained for all nuclides trithin 
this defined set, particularly not for those that dacav 
almost entu-ely by beta-ray emisssion. but also for . tee 
for which the primary gamma-ray had nearly the sew gemma- 
ray energy es a more intense gamma-ray from another 
nuclide having a slnilar halflife. 

There were gamma-rays observed for which reaction rates 
were not obtained, even though the gamma-ray could have 
been ascribed to the decay of a specific product. In these 
cases the assianments mere not allost Certei". 
U. uere satisfied vith analyzing on. or two gemme-rays 
assocxeted vith the decay of a give" product, usually but 
not always the gamma-rey with the h&ghost intensity. 

Ue attempted to obtain information for addition.1 Products, 
particularly for the light mSSs products Fe. Cur 2". tat 
which we of importance in corrosion studies IS/. 
Even rhen observed, however, the extracted reaction ret.5 
for the expected gemme-Peys ser. not adequate to determine 
unacbigously correct rssignwnts. In our opinion. this 
can be accomplished only if radiochemical S.P.r.tiOn 
methods are applied. 
For some Products l hich have been observed in the 1100 MeV 
experiments no results are given at 600 MeV. There are tuo 
P..SO"S far that. Firstly. the 600 MeV experiments have 
boon conducted at 1ou.r beam currents. This is especielly 
true for the uranium experiment. As a Cons.qu."c., almost 
exclusively fission products have been observed. Secondly. 
tar those runs the decay in time could not be recorded es 
needed due to technic.1 problems (sharing the l ulti- 
channel a”a1YZ.r uith another group, d.1.y in chipping 
the foils from Franc. to our laboratory). 
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CANHA HALFLIFE REACTIOn RATE 

NUCLIDE ENERGY INTENSITY HALFLIFE OF PARENT lE-6 r~act./prOton/(g/cr**2) 
NUCLXOE 

/k.V/ 1x1 a 1100 l4.V 6 600 HeV 

57 Ho 160 726.10 61.00 25.0 n 1.19 d 15.1 l - 4.3 n.d. 
59 lm 165 242.90 35.10 1.253d 10.5 . 32.4 +- 5.4 n-d. 

296.06 23.11 
59 Tm 166 2052.90 20.15 7.7 h 2.3634 32.6 +- 6.2 n.d. 

776.60 19.82 
19 Tn 167 207.60 42.00 9.25 d 17.7 q 45.6 +- 1.1 n.d. 
?J fb 169 197.97 36.00 30.70 d 1.417d 46.4 +- 6.4 14.3 +- 3.2 

177.16 22.00 
130.51 11.50 

II Lu 170 1054.26 4.614 2.02 d 16.0 h 76.4 +- 20.3 r1 LU 171 739.62 52.77 a.22 d 12.09 h 51.6 +- 10.6 12.7"::.2.6 
667.60 11.64 

I1 LU 173 272.01 12.50 1.37 Y 23.6 h 101 +- 17.5 31.1 +- 6.7 
12 Hf 175 343.40 06.92 70.0 d 10.5 h 60.7 +- 17.1 22.9 +- 5.0 

432.60 1.56 
75 Re 163 162.32 24.97 70.4 d 13.0 h 65.2 +- 9.5 59.2 +- 12.7 
76 3s 165 646.11 81.00 94.0 d 14 h 73.9 l - 10.4 72.6 +- 15.6 

660.27 5.152 
77 xr 166 155.03 33.40 1.73 d 10.3 d 65.1 +- 15.6 73.0 +- 20.3 

633.10 21.60 
1210.00 6.75 
2012.00 0.50 

ra Pt 191 536.67 13.40 2.6 d 3.2 h 107 l - 14.9 147 ..- 26.0 
359.88 5.89 

79 AU 195 96.66 11.60 163 d 9.5 h 86.0 +- 12.7 11.3 +- 25.5 
81 11 200 367.97 66.4 1.066d 21.5 h 66.0 +- 12.5 73.9 +- 14.9 

579.28 14.0 
628.32 11.0 

61 11 201 135.34 3.70 3.0634 9.4 h 121 +- 24.6 115 +- 16.6 
62 Pb 203 279.16 60.60 2.17ld 11.76 h 129 +- 20.7 101 +- la.4 

401.31 3.60 
63 6i 204. 699.15 99.0 11.3 h 3.52 h 14.5 +- 1.9 1717 +- 3.2 

374.74 75.0 
63 6i 205 703.30 26.6 15.31 d 1.6 h 19.7 +- 4.1 n.d. 

1764.27 27.0 
997.60 17.0 

63 Bi 206 603.05 100.00 6.243d 6.03 d 9.9 +- 1.3 n-d. 
681.00 67.60 
1716.65 34.00 

63 6i 207 569.67 96.0 36 
5.7 d' 

5.6 h 10.6 +- 1.7 9.7 +- 2.2 
25 tin 52 1434.30 100.00 6.3 h 0.71 l - 0.15 n-d. 
25 Mn 54 834.01 99.976 312.2 d 0.95 l - 0.13 0.43 l - 0.11 
30 Ln 65 1115.52 SO.75 243.0 d 15.2 m 2.‘ +- 0.2 n-d. 
34 se 15 264.65 56.60 120.4 d 1.63 h 3.7 +- 0.4 1.5 l - 0.4 

279.53 24.73 
400.65 11.13 

37 Rb 63 529.54 30.0 06.2 d 32.4 h 5.6 +- 0.7 5.2 +- 1.1 
552.50 16.3 

36 sr 65 513.99 99.26 64.73 d 2.7 h 6.1 +- 1.1 5.4 l - 1.1 
39 7 67 404.72 92.2 3.34bd 1.6 h 6.5 t- 1.1 n-d. 
39 I 66 1636.01 99.36 106.6 d 63.4 d 0.4 +- 1.7 9.5 l - 2.2 

696.02 94.00 
40 2r 09 909.20 99.67 3.2664 2.02 h 4.8 l - 0.7 n-d. 
45 Rh 1018 306.77 66.7 4.34 d 6.5 h 6.2 +- 1.1 n-d. 
45 Rh 102 475.00 93.50 2.69 V 3.0 +- 0.4 2.4 +- 0.7 

631.10 55.60 
697.10 44.64 

47 Pg 105 344.20 40.9 41.3 d 56.0 m 3.5 +- 0.7 19.9 +- 4-s 
260.30 29.7 
644.55 10.2 
443.37 10.6 

50 sn 113 391.71 64.17 115.1 d 6.74 . 0.2 +- 0.04 n-d. 
255.04 2.07 

52 To 121 573.06 79.10 '16.6 d 2.12 h 1.7 +- 0.2 1.s'*- 0.4 
58 co 139 165.65 60.0 137.5 d 4.5 h 2.2 l - 0.2 n-d. 
61 Pm 143 742.00 39.50 265 d 0.83 . 2.6 +- 0.4 n-d. 
63 Eu 146 747.13 96.60 4.6 d 46.3 d 1.1 +- 0.2 0.43 l - 0.17 

1406.60 3.30 
63 Eu 149 327.70 3.6 93.1 d 9.4 d 10.6 +- 3.5 n-d. 
21 SC 46 1120.52 99.99 63.65 d 0.50 +- 0.15 “.d. 
21 SC 46 1311.60 99.99 l.a25d 9.60 +- 0.15 n-d. 
26 Fe 59 1099.22 56.50 45.1 d 1.7 +- 0.2 n-d. 

1291.56 43.20 
43 2r 95 724.16 44.20 64.4 d 10.3 m 4.1 l - 0.4 3.9 l - 0.9 

756.72 54.80 
44 R" 103 497.06 86.40 39.35 d 50 s 7.1 +- 1.5 6.0 +- 1.7 

610.33 5.30 
45 Rh 136 621.60 9.606 29.9 5 368.2 d 2.2 l - 0.4 n-d. 

1050.10 1.463 
47 Ag 1lOn 657.72 94.74 249.9 d 1.9 +- 0.4 2.6 +- 0.7 

664.67 72.66 
65 lb 160 876.37 30.0 72.1 d 13.4 l - 3.2 22.3 +- 4.0 

966.17 25.5 
60 "g 203 279.17 61.50 46.59 d 11.7 l - 1.1 15.1 l - 3.2 

TASLE 4. Reaction rates of spallation and fission products produced by 
protons of 1100 leV and 600 MeV at the beam entrance surface of a thick 
rectangular target of natural lead. The data ar. ordered by mass nu.b.rr 
in three groups each. The first gcoug consists of sgallation products, 
the second of neutron deficient high energy fission products, the third 
of neutron rich fission products and other p- smitters. 
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2 !b Fe 59 

I6 tir 87 
19 Sr 91 
to Lr 95 

to zr 97 
r2 no 99 
,4 RU 103 

5 Rh 105 

,5 Rh 106 

7 Ag 112 

8 Cd 115 

5 1 Sb 125 

5 1 Sb 127 

5 2 79 129 
5 2 70 132 

5 

5 
5 
5 

3 J134 

5 cs 137 
6 3a 139 
7 La 140 

5 8 Ce 141 
5 7 La 142 
5 8 Ce 143 
5 8 Ce 144 
6 0 Nd 147 
6 3 Eu 156 

3 OZn 65 
3 1 Ca 68 
3 4 Se 75 

3 7 Rb 83 

3 9 I 87 
3 9 I 88 

4 0 zr 89 
4 1 Nb 911 
4 5 Rh 1011 
4 7 Ag 105 

5 0 sn 113 

5 2 10 121 
5 4 Xe 127 

5 8 Ce 139 
6 1 Pa 143 
6 3 Eu 146 

7 9 Au 192 

7 3 Au 194 

8 1 71 200 

3 Bi 204 

3 bi 205 

3 Si 201 

3 Bi 207 
5 At 209 

‘iijCL [DE 
GAHHA 

iNEl7i.V INTENS 

/kcV/ /9/ 

.099.21 54.50 
!291.56 43.20 
402.70 48.3 
555.57 60.7 
724.18 44.20 
756.72 54.80 
743.3c 98.00 
140.51 90.90 
497.08 Bb.40 
610.33 5.30 
319.24 19.6 
306.31 5.44 
621.d9 9.806 
050.10 1.463 
387.00 5.4 
616.80 43.5 
336.30 46.10 
527.06 32.90 
492.29 10.20 
427.95 29.60 

636.15 11.20 
463.51 15.00 
b(5.50 35.7 
473.00 25.0 
793.80 15.0 
459.50 7.14 
116.30 1.95 
228.16 88.50 
884.08 66.50 
047.03 96.00 
661.62 84.62 
165.80 la.8 
596.20 95.47 
815.80 22.32 
487.03 43.00 
145.45 48.00 
641.17 52.50 
293.30 43.4 
133.53 10.8 
531.00 13.5 
026.61 3.502 
115.52 50.75 
077.44 3.30 
264.65 58.60 
279.53 24.73 
400.65 11.13 
529.54 30.0 
552.50 lb.3 
484.72 92.2 
83b.01 99.36 
898.02 94.00 
909.20 99.87 
205.00 3.4 
306.77 86.7 
344.20 40.9 
280.30 29.7 
644.55 10.2 
443.37 10.8 
391.71 64.17 
255.04 2.07 
573.08 79.10 
202.84 68.0 

172.10 25.4 
374.96 17.7 
lb5.85 80.0 
742.00 38.50 
747.13 98.60 
408.80 3.30 
316.50 84.75 
295.98 32.63 
328.50 60.90 
293.bO 10.663 
367.97 88.4 
579.28 14.0 
828.32 11.0 
899.15 99.0 
374.74 75.0 
703.30 28.0 
744.27 27.0 
987.80 17.0 
803.05 00.00 
881.00 67.60 
110.45 34.00 
569.67 98.0 
782.00 58.0 
792.00 37.0 

HALFLIFE 

45.1 0 

74.4 II 
9.47 h 

64.4 

d 

l.473d 

29.9 5 

3.14 h 

2.224d 

0.73 l - 0.05 

7.4 l - 0.9 
12.2 +- 1.1 
23.8 +- 2.2 

n.d. 

55.6 0 
50 5 
10.3 m 

3.7 s 
2.4 m 

50 5 

4.44 h 

160.2 d 

21.1 h 

20.0 m 

19.3 .- 2.2 
17.7 +- 2.3 
32.4 l - 3.0 

22.9 +- 2.1 

15.4 +- 1.5 

13.3 .- 4.8 

7.4 +- 0.7 

n.d. 
n.d. 

17.5 +- 2.6 

20.5 l - 3.5 
21.6 +- 3.6 
31.9 +- 5.3 

19.1 +- 3.b 

15.4 +- 2.4 

10.3 l - 1.‘2 

9.0 +- 1.6 

2.77 y 9.44 d 6.3 +- 0.5 5.4 l - 0.9 

3.85 d 2.1 h 6.2 +- 0.7 n-d. 

1.14 h 4.32 h 
3.24bd 4.1 I)) 

52.4 m 41.8 m 

2.9 +- 0.5 
13.6 +- 2.3 

n.d. 

30.1 y 
1.415h 

40.27 h 

32.38 d 
1.542h 

33.7 h 
204.2 d 

11.06 d 
15.19 d 

243.8 d 
1.13 h 

120.4 d 

3.32 m 
9.3 

12.79 : 

3.93 h 
10.7 m 
14.0 m 
39.8 0 
12 

9 . 4, ;: 
15.2 . 
87 d 

1.63 h 

3.4 +- 0.4 
lb.9 l - 1.8 

23.6 +- 4.3 

18.7 l - 1.8 
18.8 +- 2.5 
17.7 .- 1.4 

17.6 l - 2.0 
16.9 +- 2.8 
17.4 +- 2.8 

14.6 +- 2.1 
11.9 +- 1.2 
10.4 *- 1.0 
11.9 +- 1.6 

7.4 l - 0.7 
0.53 l - 0.2 
0.25 +- 0.03 
0.48 +- 0.15 
0.51 +- 0.10 

9.4 +- 2.6 
n.*. 

10.5 +- 1.0 
10.9 +- 1.9 

5.0 +- 1.1 
n-d. 
n-d. 
n.d. 
n.d. 

06.2 d 32.4 h 

3.3464 1.6 h 
106.6 d 83.4 d 

3.268d 2.02 h 
44 d 15.49 l 

4.34 d 8.5 h 
41.3 d 56.0 I 

1.4 +- 0.1 

0.73 l - 0.08 
2.1 +- 0.2 

n.d. 

n.d. 
1.2 .- 0.4 

0.6 +- 0.08 n-d. 
1. +- 0.3 n.d. 
1. +- 0.1 n.d. 
1. +- 0.2 n.d. 

115.1 d 6.74 . 0.89 +- 0.10 

16.8 d 54 d 1.5 +- 0.2 
34.41 d 6.25 h 2.1 +- 0.3 

n.d. 

n.d. 
1.9 l - 0.7 

137.5 d 4.5 h 1.6 +- 0.2 
265 d 8.03 I 1.2 +- 0.1 

4.6 d 48.3 d 0.11 +- 0.01 

4.1 h 4.9 h 3.8 l - 0.3 

1.4444 60 y 4.1 +- 0.4 

l.OBBd 21.5 h 3.8 +- 0.8 

n-d. 

n.d. 

n-d. 

11.3 h 3.52 h 

15.31 d 1.8 h 

3.4 +- 1.2 

1.8 +- 0.2 

n.d. 

n-d. 

6.243d 0.83 d 1.9 +- 0.2 n.d. 

38 Y 5.8 h 6.0 +- 0.1 n.d. 
5.42 h 30 m 2.6 .- 0.3 2.0 l - 0.4 

IALFLIFE 
IF PARE#l 
IUCLIOE 

l- 
II 

REAC7ION RATE 
,E-5 react./r 

a 1100 l4.v a 600 Il*v 

ton/<gtcn**21 
1 

TA3LE 5. continued on next page 
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FIGURE 3 Comparison of experimental and calculated FIGURE k Comr,ariron of experimental and calcu1at.d 
distribution. of reection rat.s VwsUs mass number of, distributions of reaction rate. VW.“. m... nu.b.r of 
spallation and fission product. produced by protons of spallation and fission products produced by protons of 
1100 Rev on l.ad. The calculations we don. mith HETC 1100 W.V on uranium. The calculations a~. don. rith HETC 
CJUEL-SPEZ-1963 and apply to thin t.rg.t., whereas the CJUEL-SPEZ-196) and apply te thin t.rgets, uhereas th. 
m...“r.m.hts h.“. been p.rforn.d on the b..m entrance measurements have been performed on the berm entrance 
surface of . thick rectangular target. surface of . thick r.ct.ngular target. 

Turning to dbpleted uranium , fiwre 4, the agreement 
between experiment and c.lcu1ati.n is bad again. In this 
figure ye distinguish bmtuoen nuclides which are B- emit- 
t&s .nd nuclide; uh&ch decay by p+ OP electron cbpture. 
The p- emitters betu.en m.6. numbers 50 and 170 nay be 
refered to .s fission products. Their reaction rates are 
higher than anticipated fron calculation. for the thin 
t&d. The P..s.~ is that neutrons produced in the thick 
target initiate fissions in th. thin target, too. 
Referring t. the calculations. however, high energy firrson 
products from bombarding uranium uith protons do not only 
consist of neutron deficient isotopes as indicated by the 
~~ofse. in figure 4, but also include some “normal* fission 
products, i.e. neutron rich isatop... Thu.. the high energy 
fission process is completely hidden by fissions from neu- 
trons of intermediate energy. 

A remarkable fact is that the c.nt.r of the calculated 
fission peak in shifted torards louer mass numbers rela- 
tively to the experimentally observed double fission pe.k 
by .bout 15 t. 20 m..s units. 
the satellite peak at m..s.s arwnd 200 units is reproduced. 
but the expwimental values are shout half an order of 
maanitude hither. the sane is true for the st.ep decrease 
b&u 0.5s n;.b.r 238. Not reproduced by the caicyl.ti.nS 
are the reaction rate. for U 237 and NP 239. the latter, 
however. is produced by neutcon. and not by protons. 

In conclusion, the experimental and calculated mass-yield 
distributions given for uranium .nd 1e.d ar. far from being 
consistent. Both experiment and node1 may be in er~.r. 
Especially for uranium. the comparison uith . thin target 
experineht would b. of gre.t interest. 

CONCLUSION 

The goal of the p,res.nt expwinent aas to deduce reaction 
rates of fission products and spallation products produced 
during irradration of natural load and depleted ur.nium 
with protons at 600 MeV and 1100 MeV. 
Although the basic spectral data appear quit. complicated* 
for most of the gamn.-ray. given in table. 4 and 5 data 

reduction uas not unusually difficult. Expwimental errws 
have been given which include st.tistical err.r., fitting 
.rr.r. for-the decomposition of . gamm.-cay line .s a 
doublet ot- triplet, counting C.te associated uncertrintie.~ 
error in detector efficiency and uncertainties in bean 
intensity. 
The major .erkness in determining reaction r.tes for fission 
and sprllation products by this technique is the r.ly on 
nuclear data: such data have different influences on the 
various prodbcts .nd result in nonuniform scatt.r in 
the data. Errors of these nuclear data have not been in- 
cluded in the erpwinentrl errors given. because they are 
normally nat tabulated in the compilations /3/./4/e 
It is apparent thrt the r..ction rites given in tab1.s 4 
and 5 vi11 change . . nuc1e.r data mrasurement become more 
accur.t.. 

th. comparisons of the present experimental data and model 
calculations with HEtC /6/ do not give encouraging con- 
sistencies, although the genar.1 shape is similar. At sm.11 
and intermediate mass numb.Ps the c.lcu1at.d mass-yield 
distributions seem to be shift.d by 15 t. 25 m..s units 
towards smaller l .sses. It ha. to be pointed out. houever. 
th.t the calculations we made for thin targ.ts. Yh.r..s 
the measurement. h.v. b..n performed on the surface of an 
“infinitely thick” spallation target. 
7. reduc. the influence Of recondiries and n.ut.nS, .n 
experim.nt to q e.sure the production rates of thin target. 
hss bem planned at 800 MeV proton .“.Pgy. 
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FERTILE-TO-FISSILE CONVERSION AN0 FISSION MEASUREMENTS 

FOR THORIUM BOMBARDED BY 800-MeV PROTONS 

J. S. Gilmore, G. J. Russell, H. Robinson, and R. E. Prael 

Los Alamos National Laboratory 

P.O. Box 1663 

Los Alamos, New Mexico 87545, U.S.A. 

Summary 

Axial distributions of fertile-to-fissile conversion 

(232Th to 233U) , four spallation products, and 34 

fission products have been measured for a thick 

thorium target bombarded by 800-MeV protons. 

Uranium233 production was determined by measuring the 

amount of 233 Pa produced, and the number of fissions 

was deduced from the fission product yield curves. 

The axial distributions were integrated to get the 

total conversions and fissions occurring in the 

target. Our preliminary experimental results are 1.25 

* 0.06 atoms of 
233 Pa produced per incident proton, 

and 1.56 f 0.25 fissions per incident proton. 

Corresponding calculated results are 1.267 * 0.007 and 

1.543 * 0.006. 

Introduction 

The work reported here is part of the 

Fertile-to-Essile Conversion (FERFICON) program at - - 
the Los Alamos National Laboratory. 1, 2, 3 The 

experiment was conducted at the Weapons Neutron 

Research Facility (WNR)4 using the 800-MeV proton 

source of the Clinton P. Anderson Meson Physics 

Facility (LAMPF).5 We have measured 233u 

production, thorium fission, four spallation products, 

and 34 fission products in a thick thorium target 

irradiated with 800-MeV protons. We determine 
233u 

production by measuring the amount of 233Pa formed, 

and deduce the number of fissions from fission product 

mass-yield curves. Our experimental approach has been 

described previously.3 Briefly, we explicitly 

measure the axial distribution of products by sampling 

various planes perpendicular to the target axis; the 

radial integral for each plane is performed by 

combining sampling-foils from the plane. We integrate 

the measured 'axial distributions over the target to 

obtain the total number of each reaction. 

This measurement is a "clean" integral experiment, and 

the data are relevant to spallation neutron source 

development, accelerator breeder technology, and 

validating computer codes used in these applications. 

We compare measured quantities with calculated 

oredictions. 

Calculational Approach 

At Los Alamos, we have the following Monte Carlo codes 

integrated into a package for use in spallation 

physics computations: a) the Oak Ridge National 

Laboratory (ORNL) code HETC6 for particle transport 

>20 MeV, and b) the Los Alamos code MCNP7 for neu- 

tron and photon transport t20 MeV. The Los Alamos 

code HTAPE, written by Dick Prael, is used to analyze 

the Monte Carlo results. We have operational the 

latest ORNL HETC version which includes high-energy 

fission effects for Z 2 91, and the Rutherford 

Appleton Laboratory (RAL) HETC version, as modified by 

Atchison,8 which allows high-energy fission with 

essentially no restriction on Z. With MCNP, we do 

continuous-energy Monte Carlo using pointwise ENDF/B-V 

cross sections. 

In our calculations, we do a precise mockup of target 

geometry, target canister, proton beam window, and air 

paths. We simulate the measured proton beam profile 

with eleven concentric ring-sources, and obtain the 

proton fraction in each ring from the measured 

distribution. 
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Experimental Setup and Procedures 

We used a 19-rod clustered target having the physical 

characteristics given in Table I. The axial 

distributions of reaction products were determined 

from ninety 41.94~mn-diameter by 0.254 mm-thick 

thorium foils. Ten weighed-and-matched,. four-gm foils 

were placed in each of seven planes.perpendicular to 

the target axis within the target, and on the front 

and back target faces (see Fig. 1). Each plane 

contained one foil in the central rod and nine foils 

loaded symmetrically in three of the six target 

sectors. We chose this loading for mechanical rea- 

sons, and to minimize any effects from misalignment of 

the proton beam, which was focussed on the central rod. 

After the target assembly was irradiated with 1.91 x 

10'6 protons, nine solutions were prepared for 

counting by dissolving the foils in nitric acid 

containing small amounts of hydrochloric and 

hydrofluoric acids. For each plane, representative 

sampling was accomplished by combining one half of the 

solution of the central foil with the solution of the 

remaining nine foils. Five ml (2.5%) of the final 

solution was used for Ge(Li) gamma assay. One 

additional sample was prepared utilizing 5% of the 

foil on the front face of the central rod. 

To determine the number of protons striking the 

target, a 0.254-am-thick Al monitor foil (sandwiched 

between two 0.0254-tma-thick Al guard foils to 

compensate for recoil loss) was placed -60 cm in front 

2": 
the target. The number of 27Al(p,x)7Be, 

Al(p,x)22Na, and 27Al(p,3pn)24Na reactions 

occurring in the monitor foil were used to determine 

the incident proton dose (see Table II). The center 

of the beam was known from the discoloration of a 

cellophane foil which covered the monitor foil packet, 

and the proton beam profile was measured by counting 

concentric rings cut from one of the guard foils. The 

measured proton beam profile is shown in Fig. 2. 

Ninety-seven percent of the protons were within the 

diameter of the central rod. 

All dissolved thorium samples were counted using a 

Ge(Li) detector and associated pulse height analyzer 

which had been calibrated against a mixed radionuclide 

gamma-ray reference standard.* The gamma-ray spectra 

* Amersham Corporation solution number R9/270/46. 

were analyzed by the GAMANAL computer program.' 

After the' samples had been counted 15 times over a 

period of 40 days, the.decay data were processed by 

the CLS~05R;rogr;~i10 Strontiluqm;B9, "Sr, g6Nb, 

g6Tc, , Ce, and Nd had to be 

resolved from interfering activities by decay. 

Cesium-134, '37cs, and 85 Sr were determined by 

gamma-counting radiochemically separated samples, 

while 8gSr and "Sr were measured on beta counters 

which had been calibrated by the method of Bayhurst 
,ll 

and Prestwood. Atoms of gamma emitting nuclides 

were calculated from specific gamma-rays using the 

gamma branching intensities and half-lives given in 

the .n 
Gamma-Ray Catalog by Reus, Westmier and 

Warnecke.'[ All nuclides were corrected for 

during the irradiation and for beta or 

attenuation in the samples. 

decay 

gamma 

Experimental Results and Conclusions 

Yields for 39 isotopes, either independent (direct 

formation) or cumulative (produced by direct formation 

plus the beta-decay of predecessors) were sought in 

each of the 10 samples. Fig. 3 shows the axial 

distribution of four of these products: (a) 233Pa, 

formed by radiative capture which maximizes near z = 9 

cm, (b) " Nb, the fission product with the highest 

cumulative yield among those we measured, which 

maximizes near z = 3 cm, (c) 227Th, a high-mass 

spallition product produced by the p,p5n reaction, 

which peaks at about 5 cm, and (d) 205Bi, a low-mass 

spallation product whose yield decreases monotonically 

with distance into the target. Although certain 

details of the fission product mass-yield curves 

change from the front to the back plane, the main 

features are quite similar. This point is illustrated 

by Fig. 4 which shows the ratio of the yields of 

selected fission products to the cumulative yield of 
95 

Nb as a function of axial position. As might be 

expected, the largest changes occur in the less 

probable modes of fission, e.g., for low independent 

yields such as 95 Nb and 134Cs, or for neutron 

deficient isotopes such as 87Y and "'Tern. 

Figure 5a shows the fission product yield-curve from 

the front-face-foil of the central rod. This 

mass-yield curve is two-peaked and exhibits several 

signs of high-energy fission: (a) the shape of the 

*mass-yield curve defined by the cumulative yields 

(open circles) is quite asymmetric with the heavy peak 

lower .and narrower than the light; (b) the independent 
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yields of antimony isotopes near stability in the mass masses 127, 132, and 137 are also expected to be low 

120-126 region are comparable to the cumulative yield because of the large charge dispersion in this region 

of 127 Sb which would comprise the total 127 chain in high-energy fission. The lowest ratio of 

yield at low energies; and (c) several neutron- "symmetric to asymmetric", 0.633, occu,rs at z = 

deficient isotopes (shown by filled points) were 13.11 cm, and the agreement between experimental data 

readily measured. and TMFH curve is somewhat better (see Fig. 7). The 

number of fissions in the sample is determined by 

Fission product yields from the outer 9 foils at the 

front face of the target have been calculated by 

subtracting the center foil from the data for the 

entire first plane (see Fig. 5b). None of the 

neutron-deficient products were observed in these 

foils. The mass-yield curve appears similar to that 

from 14-MeV neutron fission of 
232Th 13 

.' 
which is 

also shown normalized at mass 99. 

Turkevich and Niday proposed that mass yield 

distributions could be represented by a two-mode-of- 

fission hypothesis (TMFH)14 and Ford demonstrated 

its applicability at intermediate energies. 
15 This 

hypothesis, which suggests that any fission yield 

curve can be expressed as the combination of symmetric 

and asymmetric components, has been applied to this 

data to aid in understanding the curves and & 

determine the number of fissions1 Fourteen-MeV 

neutron fission of thorium was chosen for the 

asymmetric or "low-energy-fission" mode since it 

appears to approximate the secondary fission in the 

first plane; the amount of fission by this mode was 

determined from the yields of the four heaviest masses 

which were measured, 140Ba, 141, 143G,, and 

147Nd. The yields remaining after subtracting the 

low-energy component are shown in Fig. 5c. The points 

represent average values, from combining the data from 

all 10 samples. The Gaussian distribution 

("symmetric") which was determined by least squares 

analysis of the data for 72Zn, 8gSr, g5Nb, 

lo3Ru, lo5Rh, and '12Pd, centers about mass 108, 

has a standard deviation of 14 mass units (FWM = 33), 

and has been normalized to 200%. 

Figure 5d shows the axial distributions for 

"symmetric" and "asymmetric" fission and their sum. 

For the central rod at z = O.O? the ratio is 2.34, the 

highest we observed. Figure 6 compares the mass yield 

curve produced by the TMFH with the experimental data 

for the entire first plane. The "synvnetric to 

asyimietric" ratio is 1.03. The point at mass 97 is 

probably low because of independent formation of 

g7Nb, and mass 115 is low by the yield of 

’ 15CtJll , neither of which were measured. Data for 

suning the mass-yield curve (unnormalized) and 

dividing by two. A mass-yield curve defined by 

connecting the data points with straight lines for 

these two planes gave results that were 12% and 8% 

lower than the TMFH curves, respectively. I 

The axial distributions of 233Pa, 227Th, 205Bi, 

g5Nb, and fission were used to determine the total 

production per proton in the target. The total number 

for each reaction is: 

Totali = M 
9,*p 

Ni(z) dz 

where M is the mass of the target in grams, R is the 

target length in cm, p is the number of protons, and 

Ni 
is the number of atoms produced per gram of 

thorium. The integral was evaluated using Simpson's 

rule and points read from the graphs as illustrated in 

Figs. 3 and 5d. Some of our experimental results are 

shown in Table III. The uncertainty on the number of 

fissions includes the possibility of a somewhat higher 

number due to insufficient information on the charge 

distribution and the yield of nuclides near stability. 

In Table III, we also show computational results with 

and without high-energy fission. For no high-energy 

fission, we used both the ORNL and RAL models; such a 

comparison tests differences in evaporation schemes. 

We used the RAL model with two level density parameter 

(8,) values to study high-energy fission effects. 

When high-energy fission is neglected, we see the 

following comparisons between measured and calculated 

quantities: a) both models predict 
233 U production 

to better than 6%, b) the calculated fissions are 

low by a factor of -3, c) both models significantly 

underpredict g5Nb (a fission product) formation and 

overpredict 2058i and 277 Th production, and d) 

model predictions intercompare well except for the 

205Bi values. When high-energy fission is included, 

we note the following: a) for B. = 8 MeV, the 

calculated 233 U production and number of fissions 

agree very well with measured values, b) for either 

B o, the calculated g5Nb and 205Bi production is 

signficantly improved over the no high-energy fission 
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case, but there are still marked differences with 

measured values, and c) for both B, values, the 

calculated 
227 

Th formation is low by a factor of 

-2. Based on the comparisons in Table III, we would 

say that with high-energy fission, the RAL model with 

80 
= 8 MeV gives better overall agreement with 

measurements than with B, = 14 MeV (which is the RAL 

recommended value). This tentative conclusion agrees 

with that recently reached by the Juelich group. 16 

Further calculated results for the 19-rod clustered 

thorium target are shown in Table IV. We utilize the 

U values to give us an "average" energy for low-energy 

neutron fission which is then used to predict the low- 

energy production of the measured fission products. 

We note for a "frame-of-reference" that the 3 values 

could be attained with a fission mixture of -70% 

fission spectrum neutron fission and -30% 14-MeV 

neutron fission. Also, the inclusion of high-energy 

fission adds -29% to the energy deposition in the 

target. 

A final publication of this thorium conversion 

measurement is being readied, and will include the 

effects of a mass-dependent B, in the computations 

as well as measured versus calculated results for more 

of our experimental data. 
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TABLE I 

Physical Characteristics 

of the 19-Rod Clustered Thorium Target 

Density Diameter Length 

b/cm3) (cm) (cm) 

11.38 18.28a 36.31 ’ 

a Effective diameter (0 = dfi) for the 
19-rod clustered target with an individual 
rod diameter of 4.194 cm. 

Reaction 

TABLE II 

Al Monitor Foil Data 

Cross-Section Measured Number 
(mb) of Protons 

5.7 1.89 x 1016 

13.6 1.91-x 10'6 

10.8 1.93 x 10'6 

Average 1.91 x 1016 

Statistical 
Error (%) 

*1.4 

*1.1 

a1.3 

AO.7 

. TABLE III 

Preliminary Experimental Data Compared to Calculated Results 
for the Thorium Conversion Measurement 

Experiment Calculation 

Without High-Enerqy Fission With Hiqh-Energy Fission 

ORNL RAL RAL RAL 
B, = 8 MeV B. = 8 MeV B, = 8 MeV B. = 14 MeV 

233U Production (atmlp) 1.25 * 0.06 1.321 f 0.009 1.248 f 0.008 1.267 * 0.007 1.120 l 0.007 

No. of Fissions (fiss/p) 1.56 f 0.25 0.550 * 0.004 0.486 * 0.004 1.543 f 0.006 1.444 * 0.006 

",$b Production (atmlp) 0.068 * 0.003 0.0300 l 0.0005 0.0265 * 0.0005 0.0551 l 0.0009 0.0523 * 0.0009 

Bi Production(atm/p) 0.0056 * 0.0003 0.0500 l 0.0011 0.0362 l 0.0010 0.0077 l 0.0004 0.0080 * 0.0004 

227Th Production(atm/p) 0.046 * 0.002 0.0644 l 0.0016 0.0658 f 0.0016 0.0221 * 0.0007 0.0236 + 0.0007 
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Th ROD, NO FOILS 

Th ROD WITH FOILS 

19 ROD CLUSTERED TARGET 
(top view) 

(inserted at assembly) 
Th Fo’Ls\ 

PROTON BEAM 

L Th ROD SEGMENT 

TYPICAL SEGMENTED THORIUM ROD 
(center rod is illustrated) 

Fig. 1 Illustration of the 19-rod clustered thorium 
target, the location of the foils in the 
array, and the foil positions within a rod. 

I I _ 
3 4 

RADIUS (cm) 

Fig. 2 Measured proton beam profile. 



DISTANCE INTO TARGET (cm) 

Fig: 3 Axial distributions of 233Pa, g5Nb, 

*"Bi, and 227Th in the thorium target. 

CLOSED POINTS -CENTRAL ROD ONLY 

OPEN POINTS-ENTIRE PLANE 

I I I I I I I I I I 
6 12 18 24 30 36 

DISTANCE INTO TARGET (cm) 

Fig. 4 Ratio of the yields of selected fission 

products to the cumulative yield of "Nb as 

a function of axial position in the thorium 

target. 
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Fig. 5 Fission data from the thorium target: (a) fission product yields 
from the central rod, z = 0.0 cm, (b) comparison of the fission 
product yields from the outside rods, z = 0.0 cm, with yields 
from 14.7-MeV neutron- fission of 232Th, (c) normalized 
mass-yield curve for hypothetical "symmetrical" fission mode, 
and (d) axial distribution of fissions, and of hypothetical 
"sytnnetrical" and "asymmetrical" fission modes in the thorium 
target. 
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Fig. 6 .Comparison of the TMFH mass-yield curve with 
experimental data from the L = 0.0 cm plane 
of the thorium target. 

I- 

I 41 Bo 70 
I I I 1 I I 

80 100 
h I 

90 II0 120 130 140 I50 160 
MASS NUMBER 

Fig. 7 Comparison of the TMFH mass-yield curve with 
experimental data from the z= 13.11 cm plane 
of the thorium target. 
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ABSTRACT 

The target design calculations described 
here were performed for the two proposed 
proton beam energies (350 MeV and 1100 MeV) 
and different target material mixtures as 
tungsten, lead and uranium. The results for 
some important nuclear parameters as neutorn 
production, neutron fluxes and energy depo- 
sition were discussed. Preliminary calcula- 
tions for the high energy source shielding 
and *grooved* moderator design were also 
shown. 

INTRODUCTION 

The recent target design 'calculations 
made by RFA are mainly performed for compa- 
risons of nuclear parameters of the SNQ tar- 
get station at the two forseen proton beam 
energies of 350 and 1100 MeV. One aim of 
these calculations was to optimize the tar- 
gets for different materials and beam ener- 
gies. 

EVALUATIONS POR PROTON BEAM ENERGIES OF 
350 MEV vs 1100 MBV 

All calculations were performed with 
HETC/KFA-1 /l/ and based on the 3-D target 
model described in detail in Ref. /2/. The 
main parameters for the calculations are 
shown in Table I. 

Table I Parameters for Calculations 

Beam Parameters: 
- kinetic energy: 350 MeV/llOO MeV 
- particles: protons 
- average current: 5 mA 
- pulse current: 200 mA 
- pulse width: 0.25 me 
- pulse frequency: 100 s-l 
- beam profiles: gaussian 4 cm FWHM 

truncated at 
radius = 4 cm 

Targets: 
- geometry: rotating 'wheel" 
- materials: u,-&+(o.z nat% 235~)-r 

Pb-, W-H2O/Al mixtures*, 
and solid W 

- cladding/structur: aluminium 
- coolant: Hz0 

Moderators: H2G/D2G 

Shielding-Material: cast iron and concrete 

*mixture: heavy material 76.5 % 
cladding 7.0 % 
coolant 16.5 % 

1. Neutron production, neutron fluxes in 
H20 moderator and energy deposition for 
different target materials (W, Pb, Udep) 

In table II the neutron yields (< 15 MeV) 
per proton in the target are compared for 
proton beam energies of 350 and 1100 MeV and 
for different target compositions as des- 
cribed in table I. Additionally in table III 
the particle production for the uranium case 
is given. 

Table II Neutron Yield per Proton in 
Target-Region 

(n/p < 15 Mev) 
ratio 

Material 350 MeV 1100 MeV 1100/350 

Pb-R20-Al Ude -H20-Al 3.43 5.15 30.12 19.53 5.8 5.7 
W-H20-Al 4.16 21.3 5.12 
Wsolid 4.49 23.3 5.19 

Table III Comparison of Particle Production 
for Udep-Targets 

ratio 
350 MeV 1100 MeV 1100/350 

Neutrons produced 
per proton in the 
system 
< 15 MeV 5.87 35.6 6.1 

Neutron yield per 
proton in target 
< 15 MeV 5.15 30.12 5.8 
> 15 MeV 0.51 3.7 2.3 

Charged particle 
yields per proton 
protons 0.44 9.0 
pions 1.7x10-3 2.:x:0-1 170 
(neutral pions) 2.0x10-3 1.9x10-1 95 

A comparison of thermal neutron fluxes 
(lo-5 - 0.41 eV) in the fast moderator 
(size: length x height x width 20x12~15 cm3) 
is given in table IV. The given thermal 
fluxes are the average omnidirectional ther- 
mal fluxes within that,position of the mode- 
rator defined by the total moderator length 
of 20 cm (along the beam direction), the 
total moderator height of 12 cm (direction 
perpendicular to beam tube axis),. and the 
central 5 cm region of the 15 cm moderator 
width (direction along beam tube axis). Por 
details see Ref. /2/. In all calculations 
the moderator had the same positions and 
size, therefore none of these data were op- 
timized for the special target composition 
and beam energy. 
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Table IV Thermal Neutron Fluxes in Fast Noderator* 
(thermal energy 10S5 - 0.41 ev) 

'th (a) th (b) 
Target (n/cm-* s-l/proton) (n/cm-* 8-l) 

350 MeV 1100 nev 350 MeV 1100 MeV 

udep-H20-Al 4.9x1O-3 2.65x10-* 1.5x1014 6.3x1014 
Pb-H20-Al 2.9x10w3 1.6X10-* 0.9x1014 5.0x1014 
W-Ii20-Al 3.5x10-3 1.6x10-2 1.1x1014 5.6x10i4 
W-solid 3.9x10-3 *.0x10-* 1.2~~0~~ 6.2x1014 

ta) neutron fluence per beam proton 
tb) average neutron flux for I = 5 mA 
*same system for all calculations,'not optimized 

The depth distributions of the calculated 
energy deposition inside the target amix- 
ture" (i.e. the homogenized region of the 
target wheel) are shown in Pigure 1. The de- 
position for 350 MeV beam energy is predomi- 
nately due to ionization by primary protons 
and secondary protons for all target mate- 
rials. However, for 1100 MeV beam energy in 
case of uranium as target material only 
about 30 % of the energy deposition is 
caused by primary and secondary protons, 
whereas the rest comes from high energy fis- 
sion and low energy neutron induced fission. 
From Figure 1 it can be seen that cooling 
problems for 350 MeV beam energy may arise 
from Bragg-peak energy deposition at the end 
of the proton range. In table V the peak 
energy deposition corresponding to a single 
pulse for different target materials and 350 
MeV and 1100 MeV beam energy is given. In 
table VI the total deposition in the target 
wheel for an average proton beam current of 
I - 5 mA for both energies and all target 
materials is compared. If the proton beam 
energy is increased to 1100 MeV the energy 
deposition in the lead is enlarged by a 
factor of 2 whereas for the uranium target 
the deposition increases by factor of about 5. 
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Table V Peak Energy Deposition for 
Pb, W as Target Material 

Udepr 

350 MeV(1) Peak Deposition 
Target MeV/cm3-proton kJ/cm3 per pulse** 
“de -H20-Al 
Pb-i&O-Al 

4.3 0.215 
3.63 0.18 

W-H20-Al 4.5 0.225 
W-aolid 4.36 0.218 

1100 MeV (2) Peak Deposition 
Target MeV/cm3-proton kJ/cm3 per pulse** 
"de -H20-Al 
Pb-ff20-Al 

3.0 0.15 
1.2 0.06 

W-H20-Al 
W-solid 

** pulse current I = 200 n&pulse width 0.25 ma 
pulse frequency 100 8-l 

(l)for radial interval1 about beam axis r4.0 cm 
(*)for r&dial interval1 about beam axis r-l.5 cm 

Table VI Comparison of Heating for Udep, Pb, 
W as Target Material 

Deposition 
in Target (MeV) 
> 15 MeV 
< 15 MeV 
Total Deposi- 
tion MeV/P 
Total Deposi- 
tion in MW 
for I=5 mA 

Deposition 
in Target (MeV) 
) 15 MeV 
< 15 MeV 
Total Depoai- 
tion MeV/P 
Total Depoai- 
tion in MW 
for I=5 mA 

350 MeV 
“dep Pb wmix w 
366 292 288 287 
210 6 30 10 

576 298 318 297 

2.88 1.49 1.59 1.48 

1100 MeV 
Udep Pb Wmix W 
973 542 - - 
1515 29 - - 

2488 571 - - 

12.44 2.86 - - 

*Depth of systems not optimized 

x IO“ w 
Wnat-H$- At 

2.5 nat 350 MeV . 

0 5 10 15 20 25 
Target Depth [cm] 

Figure 1 Energy deposition inside target wheel (axial) 



7.. High Energy Source Shielding 

The calculations were done in a coupled 
procedure with the Monte Carlo code 
HETC/RPA-1 and the one-dimensional transport 
code ANISN /3/. For the HETC calculations 
the target area was surrounded by a sphere 
of 5 m thickness, consisting of cast iron. 
HETC calculated the angular dependent fast 
neutron flux (En > 50 MeV) at spherical 
shells around the target center (see fig. 
2) thus generating a shell source for ANISN. 
For the ANISN calculations a sphere with 4 m 
of cast iron and 1 m of concrete was aup- 
posed. The cross section data were taken 
from LANL-library. ANISN calculated the neu- 
tron flux and the dose rate inside the 
shield. 
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Figure 2 Simulation of high energy source 
for 1-D ANISN shielding calculations 

The first question was, whether it would 
be useful to build different shieldinga for 
350 MeV and for 1100 MeV proton beam energy. 
Fig. 3 shows the dose rate vs. sphere radius 
for both cases. The curves have different 
intensities, but the same shape. So to get 
same dose rate at the outer edge of the 
shield, the dose rate curve for Ep=llOO MeV 
has to be extrapolated as shown in Pig. 4. 
Then the difference AL-80 cm means, that the 
cases 350 MeV and 1100 MeV have to be diffe- 
rent in 80 cm thickness of iron only. So it 
does not seem to be reasonable to build dif- 
ferent ahields. 

The second question was, whether the 
shield thickness should be the same in for- 
ward as in backward direction for 1100 MeV 
beam energy. A comparison of angular depen- 
dent fast neutron yields (from HETC calcula- 
tions) lead to a dose rate ratio forward to 
backward (for constant thickness of the 
shield) of about 20, but coupling calcula- 
tions give a ratio of about 1000. The reason 
for this difference lies in the fact, that 
the energy spectrum (see Pig. 5) in the for- 
ward direction is much harder than'in the 
backward direction and that the angular 
shape in backward direction is more iaotro- 
pit than in forward direction. So it can be 
stated that different shield thicknesses in 
forward and backward direction should be 
taken into account. Detailed studies are 
planned. 

t 
415 5M 

Radius km1 

Figure 3 Coupled dose rate calculations 
(HETC/ANISN) in forward direction 

7 

4 

50 125 nm 275 355 L25 500 
Radius lunl 

Figure 4 Determination of additional shielding 
thickness comparing 350 MeV and 
1100 MeV proton beams 

STUDIES FOR TARGET OPTIMIZATION 

1. Target Depths and Fast Moderator Position 
for 350 and 1100 MeV Proton Beam Energy 

To determine optimal target depths depen- 
dent on the different target material compo- 
sitions the following criteria have to be 
taken into account 

- proton range 
- spatial dependent neutron production 

in the target 
- escape distribution on the surface 
of the target 

-(patial dependent energy deposition 
- material saving 
- minimum of radioactive inventory 
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Figure 5 Neutron spectra for 1100 MeV proton 
beam energy for uranium target in 
forward and backward direction 
(coupling surface I+75 cm see Pig.2) 

The proton ranges for the relevant targets 
are given in table VII. 

Table VII Proton Ranges and Bragg Peak 
Position 

Target Bragg Peak Proton Range 
Position (cm) 
350 MeV 

(cm) 350 MeV 1100 MeV 

Hdeg-Hz=Al l;:; 9.0 48.3 
Pb- 20-Al 14.0 75.9 
W-H20-Al 8.12 8.25 44.4 
W-solid 6.3 6.75 40.0 

In Figure 6 the spatial dependent neutron 
production in the target for 350 MeV beam 
energy is plotted. From these calculationa 
the cummulative production rates were deter- 
mined and are ahown in Pig. 7. To avoid the 
high energy deposition in the *Bragg"-peak 
area (see Pig. 1) the target depth should 
not include the "Bragg"-peak position. This 
condition is fullfilled if one cuts the-cum- 
mulative curve of neutron production at 85%. 
In the 1100 MeV case, the optimal target 
depth was estimated from the cummulative ea- 
cape distributions of neutrons in proton 
beam direction. This was done because the 
proton range is very large compared to range 
of the 350 MeV protons therefore the escape 
distribution of neutrons determines the 
depth of the target system. In table VIII 
the optimal target depths for both energies 
are given. 

10 

Target depth [cm1 

Figure 6 Spatial dependent neutron production 
rates in target wheel (350 MeV beam 
energy) 

Figure 7 Cummulative effective neutron 
production rate vs. target depth 
(350 MeV beam energy) 

The position of the fast moderator for 
350 MeV and 1100 MeV proton energy depends 
on the spatial neutron flux or neutron cur- 
rent distributions. The center of the mode- 
rator should be located below the maximum 
of the escape distribution or flux diatribu- 
tion of the targets. In Pigurea 8 - 10 the 
distributions are shown. Prom these diatri- 
butiona the moderator positions for 350 WeV 
and 1100 MeV beam energy and different tar- 
get mixtures are determined and given in 
Table IX. 
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Figure 8 Escape distributions for different 
target mixtures vs. target depth 
(1100 MeV beam energy) 
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Figure 9 Escape distributions for W-mixtures 
and W-solid targets vs. target depth 
(1100 MeV beam energy) 

Table VIII Target Depth for 350 MeV and 
1100 MeV proton beam energy 

Target Target Depth (cm) 
350 Mev 1100 MeV 

85% cummula- 95% cummulative 
tive neutron neutron escape 
production distribution 

-H20-Al 
:gzR20-A1 

8.0 36.0 
12.0 68.5 

(13.0 for 90%) 
W-H20-Al 7.75 36.0 
W-solid 6.0 31 

Table IX Moderator Positions for 350 YeV 
and 1100 MeV Proton Energy 

Target ’ 350 MeV 1100 MeV 
Peak Position-Center of Moderator 

(cm) 

Cde -H20-Al 
Pb-R20-Al 

4.0 - 5.0 7.5 - a.5 
6.0 8.0 - 11.0 

W-H20-Al 4.0 7.0 - a.0 
W-solid 3.0 - 4.0 6.5 - 7.5 

2. Moderators 

Fast Moderators have to be optimized in 
their geometrical dimensions as well as in 
their structural material components. Expe- 
riments show in special cases that "grooved. 
moderators give higher detector responses 
for thermal neutrons than solid moderators. 
To study this phenomenology a special fast 
running 3-D geometry model for HETC/MORSE 
Monte Carlo calculations was developed /4/. 
The advantage of this geometry model is easy 
parameter variation for overall size of the 
moderator and description of grooves and 
fins including structure and moderator mate- 
rial. Point detector estimation of escaping 
neutron fluxes and currents in energy time 
and space with importance sampling is used. 
Some preliminary results to show possible 
gains for grooved moderators (24 grooves) 

0 5 10 15 20 25 30 

Target depth [cm] 

Figure 10 Neutron flux distributions for different target mixtures 
vs. target depth (350 MeV beam energy) 
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compared with solid moderators are shown in 
Figure 11. The study is in progress. Results 
will be published. 

Figure 11 

IO 15 m 25 
effective thickness [cm I 

Comparison of detector responses 
(thermal energy loo5 - 0.4 eV) for 
solid and grooved moderators of 
same overall size 

Investigations on cold sources were star- 
ted evaluating cross section for hydrogen 
(HZ) at 20° K for different mixtures of 
para- and orthohydrogen. The new cold source 
of ICPA-DID0 research reactor has been de- 
signed with these data and is now under con- 
struction. Results should be available in 
about one year. Details of the data evalua- 
tion and the design will also be published. 
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Summary 

The materials investigations and development program 
for heavily loaded components of the SNQ-target wheel 
is presented. This broad program includes the target 
elements, proton beam windows, the slide ring sealing 
and the water chemistry of the cooling systems. Two ex- 
amples are discussed as highlights in more detail: the 
thermal cycling effects on uranium (part of the target 
element development) and the possible use of sinter 
aluminium product for the stationary proton beam win- 
dow. 
During thermal cycling of uranium alloys at a lower 
temperature of 55°C and temperature differences AT = 
10, 35 and 65 K, the growth rate per cycle ap- 
proaches at higher cycle numbers a constant value for 
each AT. The growth rate increases with increasing 
AT and seems to be less influenced by differences in 
uranium alloy composition or material microstructure 
than by the amplitude of the temperature cycle. 

Introduction 

The achievement of a safe and reliable operation of the 
SNQ-target wheel introduces to a great extent new re- 
quirements to be met by the used materials. This holds 
especially for heavily loaded components from irradia- 
tion effects and from thermomechanical stresses; Fig. 1 
shows such components, which therefore must be investi- 
gated in detail. 

Fig. 1: 
The-target wheel and its components exposed to 
intense irradiation and high thermomechanical load 

A corresponding materials testing, qualification and 
development program has been worked out and is de- 
picted in Tab. 1. 
The most extensive task is the target element develop- 
=, where three operational target elements based on 
Pb, W, and U are the ultimate goal. Problem areas 
do not only exist for the target material itself - par- 
ticularly for the U-case -, but also concerning the de- 
velopment of a reliable combination of target material - 
bonding - cladding (preferably All. The investigations 
dedicated to the cladding material will also reveal 
useful data for the rotation proton beam window and 
the general structural material of the target wheel. 

Tab. 1: 
3NNget station materials program and promising 
materials for the different applications 

The highest materials performance is required for the 
stationary proton beam window, which is considered as 
a desirable, but not imperatively needed component. 
The emphasis is presently put on materials with ex- 
tremely high irradiation resistance; Al-alloys like 
sinter aluminium product (SAP) and metallic glasses 
witn high thermal stability like Nb4QNi60 seem to 
be promising. 
Because of the unusual SNQ-operating conditions, the 
concern in the case of the slide ring sealing materi- 
als is the applicability of conventional combinations 
m/C); hence, also new developments, e.g. Sic/C have 
been included. 
The water chemistry investigations are primarily de- 
voted to radiolysis and concomitant enhanced corrosion 
effects under intense proton- and neutron irradiation. 
The data evaluated hereby are tne basis of a technical 
design for the water conditioning systems and of the 
operations parameters to be set and controlled. 
All branches of this material program end up in irra- 
diation experiments, which are described in detail 
elsewhere (Lohmann, 1983). Their basic idea is a 
staged procedure from simulation experiments with He- 
implantation or n-irradiation to a variety of experi- 
ments under conditions at least close to SNQ, which 
are performed at the LAMPF-proton accelerator 
(800 MeV/l mA). Their final step will be the proof 
test of a complete small targetwheel. 
In order to illustrate the recent progress of this 
program, two examples - one of the target element de- 
velopment and another of the beam window development- 
are discussed below in more detail. 
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Thermal cycling of Uranium 

Purpose of Study 

By increasing the effective target area, the rotating 
target planned for SNQ reduces the thermal load for 
a specific target area by a factor of 200, i.e. in- 
creases the cooling period from 10-2 (proton pulse 
frequency: 100 Hz) to 2 set compared to a stationary 
target with the same proton beam power. This leads to 
a far lower operation temperature for the rotating 
target. Both, lower temperature and longer cooling 
period reduces the thermal cycling growth rate of 
alpha-uranium, as discussed later. Although the opera- 
tion temperature and the cycle frequency, i.e..num- 
ber of cycles during target wheel operation ist re- 
duced, requirements for spallation materials, bondings 
and claddings are still high. 
Thalower.operation temperatures To and the amplitude 
of thermal cycling AT of an uranium target for the 
first and second stage of SNQ are To 4 16O"C, AT 4 
65 K (350 MeV, 5 mA) and To = 125"C, AT = 65 K 

(1100 MeV, 5 mA) respectively. The corresponding data 
for the initially considered first stage of 1100 MeV 
and 0.5 mA were To = 55°C and AT = 10 K. For the 
orthorhombic alpha-uranium with a highly anisotropic 
thermal expansion coefficient, the interaction of ad- 
jacent grains leads to high local stresses and plastic 
strain during thermal cycling and thus to thermal 
cycling growth. 
A number of studies mainlv bv Mavfield, 1958, 
Zegler, 1958, Lloyd, 1958; and Pugh, i956, shows a 
relationship between thermal cycling growth and lower 
temperatur To, AT, heating and cooling rate, time 
at temperature and material texture. The available data 
for alpha-uranium cycling groth were measured in a tem- 
perature range above 350°C and are therefore not 
applicable for SNQ temperatures (Fig. 2). 

85 

‘. 
‘. 

‘-. 
'. 

'. 

p ATz65K 

4. '4 
0 AT.35K 

I 
6 aT.lOK 
I 

3x3 4m 3m MO 150 1W 
169 125 55% T.IKI 

I 

xlation of thermal cycling growth data (AT = 4 K) 
by Mayfield, 1958, and results of this study 

To investigate the influence of thermcmechanical cyc- 
ling on the behaviour of the specific materials to be 
used for the SNQ target under conditions relevant for 
SNQ, three techniques are used: 1. thermal cycling by 
immersion of samples in liquids of different temperatu- 
res and automatic sample transfer, 2. thermal cycling 
of samples by inductive heating and water cooling in a 
medium frequency furnace (4 kHz) and 3. simulation 
of thermal cycling by high cycle fatigue. First results 
of method /I/ will be reported in this paper. 

Measurements of thermal cycling growth at lower opera- 
tion temoeratures of the SNO variants To of 55, 125, 
and 160°C and cycling temperatures AT -of 10,. 35, _ 
65, 100 K, will provide the functional relationship 
of cycling growth with To and AT (Table 2) for 
four uranium alloys. Subsequently, the effect of time 
at temperature will be'studied. 

Tab. 2: 
Lowertemperatures and temperature differences 
of the cycling program 

Experimental 

To study thermal cycling growth at a lower temperature 
of To = 55°C and temperature amplitudes of AT = 
+lO, +35, + 65, four thermostats with liquid-tempe- 
ratures of 55, 65, 90 and 120°C were used. The 
samples were transferred between the two corresponding 
thermostats by an electronically controlled, pneumatic 
driven sample handler. Stabilized polydimenthylsiloxane 
(BAYSILONE-M 50) was used as liquid. Time at tempera- 
ture (sample immersion time) was 15 set each, to 
keep the temperature difference between the liquid and 
the center of the sample under 12% of AT. With a 
transfer time of 2.2.5 set, the total cycle period 
was 35 sec. 
At intervals of about 1.5~10~ cycles, the length and 
weight of the samples were measured. 

Samples 

For the first study, four uncladded uranium-alloys 
"off the shelf", machined to cylinders of 9.0 mm dia- 
meter and 50 mm in length were used: 
pure uranium, U-5w/o MO, U - 3.7 w/o Zr, 
U - 0.75 w/o Ti. 

Results 

The weight loss of the uncladded samples due to cor- 
rosion is shown in Fig.3 as a function of the number 
of cycles, i.e. time, for AT = 10, 35 and 65 K. 
Up to 6.104 cycles the measurements were performed 
in air, later on in nitrogen. Pure uranium had the 
highest corrosion rate, followed by the U - 3.7 w/o Zr 
alloy. U - 0.75 w/o Ti and U - 5 w/o MO showed 
the lowest weight loss. In all cases, the corrosion 
rate was proportional to AT. 
Assuming a uniform surface corrosion, a correction 
factor for the sample length was calculated from the 
weight loss of a sample. From the difference in sample 
lenght at a given number of thermal cycles and the 
original length of the uncycled sample and in conside- 
ration of the correction factor the thermal cycling 
growth per cycle (Al/lo*cycle) was calculated. The 
results for the cycling amplitude of AT = 10 K is 
shown in Fig. 3. The scale of the ordinate (low7 %I, 
provides Al/lo in % for an operation-time of the 
target of about one year (107 cycles). 
At low cycle numbers, the different alloysshow distinct 
variations, caused in part by the normalization of 
Al/l, to a small number of cycles, in part by non-typ- 
ical dimensional changes due to internal stresses in- 
troduced by sample machining. At cycle numbers higher 
than 105, the mean thermal cycle growth rate per cycle 
reaches a constant value and seems to be fairly inde- 
pendent on alloy composition or sample microstructure 
with a somewhat lower value for pure uranium. 
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cycles blO31 

w eig t loss of uncladded uranium alloys during thermal cycling 

Except for pure uranium, the same is true for the 
three uranium alloys cycled at AT = 35 K shown in 
Fig. 4. 
Fig. 5 shows the corresonding growth rates for a cyc- 
ling amplitude of AT =‘65 K. Again pure uranium 
yields a somewhat higher value than the uranium 
alloys, which seem to converge at 15.104 cycles to 
about the same growth rate per cycle. 

~ 

A comparison of the results listed in table 3 shows Tab. 3: 
an increase in thermal cycling growth with increasing m cycling growth rates at 1.5~10~ cycles and at 
AT. a lower temperatur To = 55'C and AT of 10, 35, and 

65 K 
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In Fig. 4 through 6 Al/l, per cycle is the mean 
value of the growth rate at a given total cycle number, 
leading to smaller systematic errors at higher cycle 
numbers. In contrasttothis, the data shown in Fig. 7 
are the mean values of the growth ra e per cycle of 
cyle number intervals of about 2.10 t cycles. Although 
the scatter is larger, the growth rate per cycle s ems 
to be constant for cycle numbers larger than 8.10 z . 
The growth rate date for the basic temperatures of 
To = 125 and 16OY are expected to be higher accord- 
ing to Mayfield, 1958 (Fig.2). In addition, the 
higher cooling rate of 2 set of the target wheel 
compared to 15 set in our test facility may increase 
the growth rate to some extend (Mayfield, 1958), al- 
though the cooling rate of the rotating target is still 
lower than the cooling rate of a stationary target. 
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0 = u - 3.7 "/a zr 
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Fig. 7: 
Growthrates per cycle calculated for subsequent 
cycle number intervals of about Z-lo4 cycles 

Beam window development 

SAP-AlMgSi-composite alloy 

There are three essential requirements for the station- 
ary proton beam window (cf Fig. 1): 
- sufficient strength at elevated temperatures, 
- both 10~ heat production and proton radiation damage 

favouring thus material with low atomic and 
mass number, 

- acceptable technological properties. 
Al-based allovs seem to be promising from this point 
of view. Onehas further to distinguish between sin- 
tered and usual, wrought material. 
The sintered alloy SAP (Al-matrix + 7 % Al2O3) has 

reasonable strenght up to 400°C and - more important - 
shows no He-/H-embrittlement up to 1700 appm each at 
least for high-oxide SAP (Maziasz, 1979). On the other 
hand, SAP is a brittle material with poor technologi- 
cal properties (e.g. weldability). 
AlMgSi-alloys - chosen as general structural material 
for the target wheel - are limited to an upper opera- 
tions temperature below 150°C. A high irradiation re- 
sistance is known from neutron irradiations (Farrell, 
1979), but there are no data on proton irradiation ef- 
fects with the concomitant high He- and H-production. 
These Al-alloys are ductile and possess good and well 
known technological properties. 
Combination of the favourable properties of both mate- 
rials led to the development of a SAP-AlMgSi-composite 
alloy, consisting of a SAP core surrounded by an AlMgSi- 
border. Preliminary tests on prototype disks reveal a 
good quality of the transition zone from optical metal- 
lography and a high gas-ti 
age-rate of less than lo- g 

htness, indicated by a leak- 
mbar*l.s-l at 2OO'C. 

Radiation effects on Al-based alloys 

Calculations-have been performed for the case of a pro- 
ton beam power of 0.6 MW (1100 MeV, 0.5 mA, prev.first 
SNQ-stage) assuming equal damage effects for SAP and 
pure Al. ,The results are compiled in Table 4. 

Tab. 4: 
Radiation damage of an Al-based stationary proton beam 
window for 0.6 MW proton beam power 

The neutron contribution to the total damage can be 
neglected. At least for high-oxide SAP, a theoretical 
window lifetime of about 6.500 h is possible from 
the He-produktion rate; the corresponding dpa-damage 
is less than 6 dpa, which should not affect the ma- 
terials integrity (H-embrittlement) because of a high 
H-diffusivity at SNQ-operating temperatures (see be- 
low). 

Stress and temperature considerations for SAP 

A simple assessment of the mechanical and thermal load 
on a SAP-based beam window has been made assuming a 
double-disk plate geometry as depicted in Fig. 8. 
The maximum temperature Tmax can be estimated 
(Lohmann, 1982) from the energy balance, inserting a 
coolant temperature of 300 K and assuming a heat 
transfer coefficient of 1 W/(cm2.K). The time-aver- 
aged power density from beam heating turns out to be 
about 500 W/cm3 for a 0.6 MW proton beam power. 
The maximum stress Umax from bending moments is cal- 
culated (Lohmann, 1982) as a fuction of the window 
thickness d and the pressure differential p (1 and 
3 bar, resp.). Results are shown in Fig. 9, together 
with the expected maximum temperature T,, 

8 
. 

The Tmax-values corresponding to a given are indi- 
cated on the upper scale. Referring to this scale, the 
temperature-dependent yield strength 40.2 (T) and 
the ultimate tensile strength ouTS (T) of SAP - 
7 % Al203 has also been drawn in. The intersection of 
the strenght curves with Umax (T,p) denotes the mi- 
nimum thickness dmin at a fixed p. The corresond- 
ing data can be read from the insert of Fig. 9, as- 
sumingumax 5 00.2 (T). 
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Fig. a: 
-11~ water cooled, double-disk plate beam window 
with thickness d and plate radius r = 90 mm, 
determined by the proton beam size 
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from stress and temperature calculations (see text) 

From these results, a moderate operations temperature 
combined with sufficient strenght is indicated. 
Ongoing investigations will deal with irradiation ef- 
fects from He and proton irradiations. The He-experi- 
ments are dedicated to the change of mechanical pro- 
perties of preimplanted material as a function of its 

Al203-content, because there is a ductility improvment 
by a lower oxide fraction. The LAMPF proton irradiation 
tests (Lohmann, 1983) will be performed on complete 
proton type disks under operatingconditions close to 
SNQ. Additionally, Al-C has been included into the 
current program as an alternative Al-based sintered 
alloy offering a substantially higher ductility than 
SAP, but with the lack of data on its irradiation be- 
haviour. 
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SOME TOPICS OF RECENT DEVELOPMENT ON 

MONTE CARLO COMPUTATION OF TARGET SYSTEMS IN JAPAN 

Motoharu Kimura 

Laboratory of Nuclear Science, Tohoku University 

Sendai, 982 Japan , 

Abstract 

NMTC code was refined by Nakahara of 
JAERI to make workable up to 250 of mass 
number. The code was used to explain the 
experimental results of high energy fission 
C.S. and the shoulder of spallation neutron 
spectra measured by KfK and LANL. Tsukada 
gave a theoretical basis for it assuming 10% 
‘L 50% longer MFP of proton and neutron in 
nuclei. 

Kimura made extensive computer simula- 
tion experiment of Monte-Carlo calculation, 
expecting possible cut down of computation 
cost, introducing James-Stein-Estimator (JSE). 
JSE proceedure will be useful for the data of 
large statistical fluctuation in general. 

Introduction 

Accelerator based neutron beams were used 
for condensed matter research for more than 15 
years in Japan, and Accelerator breeder system 
is being studied systematically for 5 or more 
years now. 

I would like to talk on some related 
topics.recently developed by our study group. 
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On hadron transport Code 

Nakahara et al’) refined the NMTC/JAERI 
code which takes into account the high energy 
fission. He tried various cases of chasing 
formulae and parameter values related to the 
high energy fission and compared with the 
experimental results21. Mass dependence of 
the calculated nonelastic cross sections is 
also shown in comparison with the experimental 
data3). I will show just a small part of 
their results in the following three view 
graphs . The first view graph shows the com- 
parison of their results with the experiments 
of Steiner et a121 on the proton induced 
fission cross sections for Bi”“, Here, Af 
and An are level density at Saddle point and 
equil. deformation. Ordinate is of(Bi)/anon_ 
el(Pb,Bil.Itis not clear yet if there is a 
real physical meaning in the discrepancy be- 
tween proton and neutron bombardments. In 
Fig 2, for 238U, comparison between Il’inov’s 
1) and Kupriyanov’sS) idea of double humped 
structure of fission barrier was made. 
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et al. and a,,= A/10. 

A Same as fhe case 1. except 

an= A/20. 

. Kupriyanov ei al’s mode! 
(Double humped) 

Fig 2 Proton Induced Fission on 
238” 
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Fig 3 is for 232Th. 
A s 250 made possible. 

Nakahara made possible to handle mass 
number up to 250 which is needed to study 
actinide incineration and other problems. 

On Energy Spectra of Spallation Neutrons 

The evidence of slight shoulder near 100 
MeV in the energy spectrum of spallating 
neutrons bombarded by high energy protons on 
heavy nuclei was explained by Tsukada6) as- 
suming longer mean free path of nucleons in 
the nuclear matter. Nakahara, using NMTC/ 
JAERI code11 calculated the energy spectra of 
neutrons for the case of Pb and U cylinder of 
60 cm in length and 10 cm dia, bombarded axi- 
ally by 590 or 800 MeV protons, obtained re- 
sults which suggest the existence of such a 
shoulder. The KfK7) and LANL~) groups per- 
formed extensive measurements at different 
emerging angles of neutrons from various 
targets and the shoulder becomes more con- 
spicuous for smaller emerging angles. 

Both the NMTC or HETC calculational re- 
sults ever obtained assuming free nucleon 
interaction cross sections have never given 
such shoulders, irrespective of the inclusion 
of high energy fission process or not. 

Tsukada, therefore, assumed smaller in- 
teraction,that is, longer MFP of nucleon- 
nucleon collisions inside the nucleus. This 
will enhanc,e the leakage of high energy 
neutrons from the nucleus and the number of 
evaporating neutrons will be suppressed. 

Fig 4 is a NMTC/JAERI results assuming 
10% and 50% increase of MFP. Even though the 
statistics is not yet very good, we can see 
a slight bamp in the energy spectrum at about 
100 MeV. 

However, Nakahara found decrease of the 
total neutron yield as shown in Fig 5. 
It seems a good compromize may exist at about 
10% increase of MFP. However, if the target 
dimension is much larger than the one of KfK 
experiment, total yield may be larger inde- 
pendent of MFP. 

1.0 r 

0.01 ’ ’ ’ ’ ’ s 
0 100 ,200 300 400 

E, (MeVI 

4’ experiments (I4.M. Steiner et al.) 

’ calculations with a,/a, due to 
1 I’lnov et al. and ,a,aA/tO. 

Fig 3 Proton induced fission on 232Th 

Tsukada carefully analysed the spectra 
and suggested existence of the third component 
as shown in Fig 7 and Fig 8. He assumed ex- 
ponential forms like 

Ai(E/EOi)exp(-E/Eci) 
i = 1, 2, 3 

for the evaporation part, high energy tail 
and also for the third component. 

The third component, that is, of inter- 
mediate energy of around 20 MeV may corre- 
spond to the pre-equilibrium component as 
suggested by Nakai et al.91 This component is 
included in the cascade calculations of 
Nakahara. 
Molten salt target Molten salt of LiF-BeF2- 
DF+, for example, looks very promising, with 
many advantagious features. A molten salt 
accelerator breader system is being proposed 
by Furukawa et al. 

Our study group for A.B. system proposes 
to construct an 800 MeV x 500 ua proton 
synchrotron, GEMINI, as the first step to the 
1 GeV x 300 ma proton linac which will be the 
final demostration machine of A.B. system. 
We hope it will be realized in the early 2000’s. 
On GEMINI, Sasaki talked yesterday. We think 
we need at least 2%3 more acceleratorgas the 
intermediate test machine of rather low energy 
but of high current. This is needed for the 
R 8 D of target system for the final design. 
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Possible Application of James-Stein Estimator 
to cut Monte-Carlo Computation Cost. 

This is a study done mainly by Kimura 
with a help of Matsubara, a mathematical 
statistician, J.M. Carpenter noticed the 
theory of James-Stein Estimater may work. 
What is James-Stein-Estimator. The notion of 
J -Stein Estimator was first introduced on 
lftisby C. SteinlO) who pointed out the possi- 
bility of improving the usual estimator in the 
case of multivariate normal (Gaussion) mean. 
Simplest example. Suppose we have k test 
pieces, designated as j = 1, 2, 0.. k, of 
various metals whose length were measured by 
a certain person using a-certain instrument. 
The length depends on the temperature X. 
Suppose the results are shown by Aij in Fig 9. 
It is not possible to know the true length 
r.. We usually take the estimate Yij by the 
;i&Zt square fitting against X. 

The measurement for Al, for example, is 
independent of the measurements for AZ, A3*** 
and it is quite natural to take separately the 
least square fitting. We have, however, 
missed to use other information obtainable 
from the data of AZ, A3 **a. By taking into 
account all the data of all other samples 
simultaneously, we might be able to shift 
somewhat the data points like (as shown in 
Fig 9) 

Aij = The original measurements 
Aij (l)= Aij shifted vertically in some 

way 
Yij = The regressed value of AiA.. 
Yij(l)= The regressed value of ~~(11. 

We conjecture that when a proper’ shifting is- 
applied. then the total “risk” might be less. 
Here, the risks are defined as follows: 

RISK 0 = ; j=l iiL(Aij - fijl 
2 

(1) 

k n 
RISK 1 sjE, ,g,(Aij (1) - fij) 2 (2) 

: 
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RISK 2 - lll(Yij - fij)’ (3) 

k 
RISK 3 =,gl ip1 ‘$ (yij (l)_ fij)2 (4) 

If we can observe a tendency 
RISK 1 6 RISK 0, RISK 3 I RISK 2 (5) 

then it may be allowed to say that the shifted 

The most essential point to reduce Aij(‘) 
in this James-Stein proceedure is 

plays the central role to take into account 
the fluctuation of measurement in total. 

The “sectioned” data at each X = Xi, that 
is Aij (j = 1, 2,**.k) will be processed by the 
James-Stein proceedure (called JSE) to give 
rise to 

Aij Cl)= vi + oi (Aij - Ui) (6) 

average of Yij over j (7) 

and oi is given by 

k_3 o’{&@i-X) ‘/:(Xi-X) ‘1 
Pi=1 - k_l ' (8) 

pi are usually less than 1 and have a 
function to smear out the fluctuation. A 
large Aij may have larger chance to have 
fluctuated to the positive side from the true 
value and vice versa. In ci;e p. < 0, we 
should put it equal to 0. the true vari- 
ante, which we can not know, &t can be re- 
placed by its estimate S2 which is the average 
over j of residual variances S-j’ from the 
sample regression lines, (that is as shown in 
the graph) 

IO-', I I 

-IdO IK 

I I I I 
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Fig 9 Fig 10 
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S2 

s; = T;llz {:(A 

yj = f C Yij 
i 

j-rj ) z- 
f (Xi-X) (Aij-Y ) i 

C (Xi-?) ’ 
) (9) 

i 

Thus we can calculate Aij(‘) and yij(‘) l We 
define the Figures of Merit(FOM) as follows: .- 

FOM 1 = RISK O/RISK 1 
FOM 2 = RISK Z/RISK'3 (10) 

FOM 1 and FOM 2 may be of some measure how 
much the data were improved. FOM 1 and FOM 2 
are generally larger than 1 and tend to 1 when 
the measurement of Aij is more accurate. 

Shashi data.ll) This is the raw data of 
neutron spectra from target-reflector-moder- 
ator system of various configurations for the 
intense pulsed neutron source (IPNS) of 
Argonne. A, B, C and D correspond to differ- 
ent neutrqn beams, We will limit our interest 
to the 10 eV Q 10 KeV region, where log E vs 
log (EI) have straight lines. See Fig10 

Hand calculations using above formulae 
gives the result that all the p”s are very 

..(l) close to 1 and AiJ do not digfer from A.* 
more than 0.5% or so. This is because thiJ 
fluctuation of all the data are rather small 
and there remains not much room to shift the 
regression lines. The Monte-Carlo results of 
Shashi are already too accurate to allow the 
<SE proceedure.work substantially_. (Tablel) 

Computer experiments simulating the problem. 
We have done some comnuter exnerlment to under 
stand the problem more systematically. 

(1) Number of data k was increased to 12 
the first 4 of which are the regression li;es 
of Shashi data, 8 others were arbitrarily 
created. Each of these 120 points on the 12 
straight lines are designated by fi’ repre- 
senting the true values which we ca h not know. 
The 12 straight lines have different incli- 
nation and average. 

As a reference, we created another data 
set, which is consisted of 12 identical hori- 
zontal lines of the same height, that is 
fi’ 

d 
= 0.5000, i = 1, 2 *-*lo, j = 1, l .*12, 

an compared with the result using above data 
set, An I-number KR(1, 3) was introduced to 
compute more general way, that is, 

KR = 1 : k = 4, Shashi data (A, B, C, D) 
;; =‘2 : k = 8, A, B, *s-H 

= 3: k= 12, A, B, *.*L. 

To simulate the Monte-Carlo out put, we 
called randon number generator, of Gaussian, 
Uniform or Poisson type. In the case like 
Shashi data for neutron spectra, Poisson 
should be applied, but we also tried to use 
other subroutines. 

The Shashi data possesses a certain 
amount ofvariance S2 which was calculated to 
b; (o.u25)1: We wanted to take the magnitude of 
iat;idely changed, covering the one of Shashi 

. For this, we introduced another I 
number NR(1, 9) to cover wide range of 
standard deviation as follows: 

c!G = 2 (n-NR) (;y;si;;) (10) 
, 

,LluuJ 
12345678910 

Fig lla 

I 

Data #7000 

I2345678310 

H 

li!l fil 

xi 

Fig llb 
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9 = z(n-NR)/ZJfij (l-fij) (uniform) (11) 
NR(1, 9) 

tried many other data sets betweenfbOO0 and+ 
4190, introducing n and 5, two parameters to 
approach to*4190 fromh000. The curves of 
Fig 12a, b gradually go up to higher level and 
become horizontal, that is, the FOM’s become 
independent of NR or standard deviation, as 
shown in Fig 15. The fluctuations of FOM’s 
&;om; very large as-can be guessed from Fig 

. The total times of calling random 
numier were almost lo8 to obtain the results 
as showninTable 2, in which some FOM’s show 
very large fluctuations due to some capricious 
results. If we exclude these extremely devi- 
ated cases, we obtain (FOMl), (FOM2) or 
( (FOMl)) , ( (FO~Ql) excluding more cases, 

oP =m= :!(n-NR)/26 
(Poisson) (12) 

with 1 = 2(NR-n) 
(n is not the max of i) 

NR(1, 7) 

n is an integer to shift the range of survey. 
Usually it is taken 1, We had better taken 

“k = 
2(n-NR) 12 to make the correspondence to 

t e other cases more clearcut. In case of 
Poisson, we introduced X to keep the standard 
deviation independent of absolute number of 
count of neutrons. In case of uniform, we 
must call the uniform random number 2(NR-n) 
times and compare it with fie. 

B 
Central limit 

theorem will be applied in t e case of uU and 

OP’ 
We obtain from the above 3 equations 

In up = (n-NR)/2.ln2+lnq 

The computer also prints out 

oEX = JRISK O/n&k, n = 10, (16) 
k = 4, 8 or 12. 

When the repetition of the computer 
experiments is increased, uEX quickly con- 
verges into one of above u’s. Therefore, the 
graphic representation by print out taking 
the number of lines for NR instead of oEX is 
quite ad;~;;~;I:~:gN~~ a, b) 
Summarv . each (*) in Fig 12 a, 
b is the average of 10 repetitions of rondom 
number generation. Similar proceedure was 
repeated 6 times generally, and plotted on 
the same figure. Fig 13 etc. are plotted the 
averaged FOM’s vs In uEX. 

Comparison with Shashi data. We must find 
FOMl or FOM2 in Fig 14(with Poisson, and for 
k = 4) corresponding to o = 0.025 of Shashi’s 
data. Unfortunately, our Poisson subroutine 
did not work for wide range of NR. It is 
essentially nothing but a gaussian for small 
up as 0.025. So, we refer to Fig 13, and find 

FOM l-l = 0.0054, FOM 2-l = 0.002. 

Thus the application of James-Stein 
Estimator for Shashi’s Monte-Carlo results 
will improve the data by only 0.5% for FOMl 
and 0.2% for FOM2, which are very small, as 
seen in Table 1 of hand calculation. 

Some interesting results. We could find some 
interesting facts as seen in Figs12 &13. 

(1) FOMl-1 is larger than FOM2-1 for the 
same oEX. This is understandable. 

(2) In the normal case, ln(FOMl,Z-1) are 
linear to ln uEX for wide range, But not 
exactly of straight lines. 

(3) The data points ( ___,,uate very much 
for FOMl-1 < 0.02 or > 1.0 and also in 
all region for FOMZ. 

We can not explain these facts just 
now. 

Another data set%l90. We have tried another 
data set, that is fij = 0.500000 for all i, j. 
(We call this ff4190. The enlarged data set 
including Shashi’s is called #7000.) We also 

If we are allowed of some conjecture, 
these numbers may coincide to lO(k-3) and 
2(k-3). All are integers in the range of 
standard deviation, with one exception of the 
case of KR = 2 and (FOMZ) or ((FOM2)). 

We can not find the reason just now. 

Discussion. Finally, I must come back to the 
‘frrst problem. that is : Can we cut the com- 
putation cost-of Monte-Carlo calculation ? 

Suppose we have cut down to l/100 of what 
Shashi had spent, the standard deviation may 
be 10 times larger. It may be allowed‘to say 
that the amount of information contained will 
be proportional to the inverse of standard 
deviation squared,generally. Fig 13 shows 
that the degree of improvement (FOMl-1 or FOM2 
-1) are almost proportional to u2. Does this 
fact mean that the saving of expenses to l/100 
will result in the improvement of reliability 
by JSE proceedure but, inevitably accompanied 
by the decrease of usefulness to l/100 ? 
In other words, does the JSE processing give 
nothing good ? It is not so. The increase of 
standard deviation is the results of saving. 
cost to l/100, but the size of standard devr- 
ation did not change very much by JSE 
processing itself. 

JSE proceedure will not be vary powerful 
when the raw data are enough accurate. If the 
raw data are consisted of sevaral (> 4) reg- 
ression lines considered as distributed in 
multi-variate normal distribution, the JSE 
application will be recommendable, especially 
when the counting rate, for example, is very 
low and can not be measured again. . 

Table 1 Hand Calculated Results 

i = 1: Xi = lOgEi = 1.197 

A = 3.830 x 16-4 B = 4.800 x 10-4 
A(l)= 3.828 11 B(l)= 4.390 ” 
C = 3.056 11 _ ,t 
C(l)= 3.060 11 ;(l,Z 22:;;; II 

Similar results are obtained for i = 2, **-lo. 

Table 2 
FOM 1 and FOM 2 of’4190 averaged 

KR= 1 2 
FOM 1 12.3+4.4 98.8+135 
FOM 2 2.1+0.1 13.3+ 12.6 

(FOM 1) 11.2+1.7 47.9+2.0 
(FOM 2) 2.07+.04 8.9+0.5 

((FOM 1)) 9.53+0.8 47.9+2.0 
((FOM 2)) 2.06+0.03 8.9+0.04? 

k 4 8 
k-3 1 5 

10 (k-3) 
Z(k-3) 

10 50 
2 10 ? 

NR=(1,9) 
3 

101.2+27.2 
18.6+ 2.6 
89.9+ 7.6 
17.9+ 1.6 
89.9+ 1.6 
17.9+ 1.6 
12 

9 
90 
18 
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This vrocedure is somewhat similiar to 
religious liturgy, certifying you that 
you are now closer to the truth or to 
God. 
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MULTIPLYING BOOSTER TARGETS ON THE SNS 

RAL (UK)-KfA (FRG) Collaboration* 

Presented by A Came 

1. Introduction 

The SNS at the Rutherford Appleton Laboratory is 
due to produce its first neutrons late in 1984 and to 
achieve full design intensity in 1986. The parameters 
of the SNS have been reported at a number of 
Conferences (I, 2) and in the literature (3). 

No facility should be built without the potential 
for development and expansion. It is certainly a goal 
that the SNS should realise full utilisation of its 
beam lines, which are capable of supporting 20-25 
instruments: to this end the SERC/RAL is actively 
seeking international collaboration and is in various 
stages of negotiation with a number of countries. 
This paper however is concerned with the development 
of the SNS as a source, in particular with the 
provision of an enhanced "booster" target. As pointed 
out in reference (3), the intrinsic brightness of the 
SNS is comparable to that of the ILL in the thermal 
energy region, somewhat inferior in the low energy 
region served by the ILL cold source but is markedly 
superior at higher energies (x 10 at 100 meV and 
x 1000 at 1 eV). Any improvement in the performance 
of the SNS in general, and of its target in particular, 
should therefore concentrate mainly on upgrading the 
facility in the cold neutron regime with any 
concommitant increase in the thermal and epithermal 
regions being an added bonus. 

A collaborative project was set up early in 1983 
between the RAL and Kernforschungsanlage, KfA Jiilich, 
to study multiplying, sub-critical booster targets. 
The collaboration is also privileged to have the help 
cf a number of in ividuals with special expertise 
contributing to tz1.s work. 

. . 
The project is divided into 

a number of broad headings, including the scientific 
case (future instrument demands, new science), high 
power booster concepts (targets with or without 
enrichment, with or without a fissile core or blanket), 
neutronic performance and moderator fluxes, technical 
problems (choice of fuel and coolant). At this early 
stage safety requirements are not included explicitly, 
but are of course always borne in mind. These topics 
will now be discussed in a little nxore detail. 

* Members of the Collaboration are (RAL) A Came, 
G H Eaton, D A Gray, W S Howells, G C Stirling 
(KfA) G Bauer, H Brockmann, W Scherrer, together 
with D Beynon, D Picton (Birmingham University), 
W Kley, H Reif (Ispra), M Kuchle (KfK), 
G Constantine (Harwell). 

2. Scientific Case and Requirements 

Whether or not a booster target is built depends 
firstly on the strength of the scientific case. The 
SNS as being presently built will be a leading 
pulsed source into the 1990's and is expected to 
outperform all present sources, including high flux 
reactors, in the neutron energy regime > 100 meV. 
At lower energies the relative performance is less 
clear and in the cold neutron regime < 10 rceV, may be 
inferior to reactors (due to lower intensity and, in 
some cases, lack of compatibility between cold 
neutron experiments and the time of flight technique). 

The scientific case for a booster target thus 
falls into two parts: (a) to provide an uprate of 
performance of known instruments especially in the 
cold neutron regime and (b), which is mOre difficult, 
to envisage scope for new science in the 1990's. 
These in turn set the requirements on the system of 
pulse intensity, length and shape, resolution, 
repetition rate, background, etc. 

As.a first step to defining the source parameters, 
Table 1 lists some "typical" performance figures for 
reactor (ILL) and pulsed (SNS) instruments over four 
main activities of cold neutron science. Column 4 
envisages new instruments which give a, say, factor 10 
better performance. Care is required in defining 
"better" since, depending on the case, it may mean 
more intensity, or wavelength window or repetition 
rate, etc. Column 5 indicates the pulsed source 
parameters required to serve this 'Ix 10 instrument". 
It can be seen that the broad requirement is for an 
increased (x 10) intensity per pulse at 20 (25) or 
50 Hz, with pulse lengths (and shapes) similar to the 
present SNS. The high repetition rate is required to 
achieve the highest time-averaged intensity, within 
the frame overlap limitation, and nxxt instruments can 
operate at high (Q 50 Hz) frequency. 

3. High Power Booster Concepts for the SNS 

Monte Carlo, point kinetics and neutron transport 
calculations are being performed by the member 
institutions on two basic concepts for a booster 
target, these are : 

(a) An enriched uranium target, not dissimilar to 
the present SNS parallel plate target, with closely 
coupled moderators within a reflector assembly 
(e.g. beryllium). 

(b) A spallation target (perhaps enriched) mounted 
within a core, or blanket of fissile material, 
surrounded by a reflector (e.g. nickel), with the 
moderators located at optimal positions to be 
determined. 
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The concept of an enriched SNS-type target is 
being studied mainly at RAL with the codes (HETC/OSR) 

used in the design of the original 
238 

U target (4). 
Similar calculations have been performed for the IPNS 
target by Carpenter et al (5) and similar results 
are expected. Emphasis is being placed on varying 

the 235 U enrichment along the target to increase the 
neutron production at the downstream and where the 
cold moderators are located (including the para-H2 

one). First preliminary indications are that by 
increasing the enrichment to produce a flat fast 
neutron output increases the power (from the original 
230 kW) by a factor % 4 with a similar increase in 
neutron flux coupled to the downstream moderator. 
Such gains are within the reach of the present 
services.and so this concept is of interest also to 
the existing target station. It also serves as a 
baseline for a booster based more on reactor concepts. 

The concept of a fast neutron target surrounded 
by a slrtiil sub-critical fast assembly is also being 
studied, mainly at KfA. Initial work was done by 
Constantine and Taylor (6), based on the “Superbooster” 
studies for the Harwell electron linac (7). The one 
dimensional neutron transport code ANISN was used to 
consider the affects of (oxide) fuel volume fraction 
in the core, nickel reflector thickness, criticality 

k and the use of 
239 

Pu instead of 
235U . The target 

was the 238 U SNS and sodium was the assumed coolant 
throughout. The results indicated that a subcritical 
assembly (k = 0.95, corresponding m = 20) of 50% 
volume fuel and a 200 mm reflector would achieve a 
compact core of about 15R (30% Pu02) or about 20E 

(UO ) 2 only. Table 2 shows the performance of such a 

15R core (30/70 Pu/U fuel) for a 5 and 10 MW mean 
power booster, taking into account the delayed 
neutron background (delayed neutron fraction 8 Q 
0.48%). Significant numbers are the prompt multi- 
plication m and the mean fuel temperature rise per 
pulse (q.v.). The values of m are greater than the 
actual gains achievable in the neutron flux feeding a 
moderator for such a system because of the increased 
surface area compared with the SNS target: the 
neutron flux is 2.7 x SNS value at 50 Hz, 13.5 x at 
10 Hz. 

The preliminary estimates have been followed by 
more sophisticated computations at KfA. Calculations 
have been performed using the time dependent 
homogeneous diffusion equation, point kinetics (with 
time) and MORSE on cylindrical and spherical models 
of a booster. Comparisons have been made between the 
codes in determining criticality k, neutron lifetime 
and pulse lengths, with the result that the simple 
equations appear adequate to make a survey of 
booster geometry and parameters before needing the 
full Monte Carlo codes. As an example, figure 1 
shows a “typical” spherical configuration with a 
k eff 

Q 0.97, Outgoing fluxes were compared with and 

without booster (i.e. with the Ni reflector in contact 
with the spallation target). With the booster a 
neutron lifetime of 0.5 us was obtained and neutron 
flux enhanced by x 3 compared with a conventional 
target. Pulse length from the moderator was again 
calculated using the 3 methods above, showing the 
simple calculations to be adequate for first 
optimisations. Pulse lengths (% 50 us) were 
dominated by moderation times. 

An interesting model has been proposed by Kuchle 
using a pancake core of 4 MW (Th) with horizontally3 
arranged plutonium fuel rods in a 0.3 x 0.3 x 0.2 m 
assembly with Na cooling. A prompt multiplication of 
m = 50 at IO Hz within a 5 MN power ceiling gives a 
x 10 gain in cold neutron yield. Using a 150 or 
200 mm diameter parahydrogen moderator yields a x 100 
flux at 4 A compared with the ILL cold source. 

4. Neutronic Performance and Moderators 

Evaluation of neutronic performance using 
different calculational methods has already been 
referred to. Further codes in co-n usage by the 
collaboration are ENDF 8/Z, 813 and 814, derived data 
libraries for neutron and y-photon data and ORIGEN II, 
for fission products, burn-up and induced activity 
studies. 

The design of a cold moderator and its 
optimisation in the wavelength range 0.5 i c X < 20 i 
required pulse length 2 100 usec are being studied at 
Birmingham. Clearly moderator performance is 
intimately linked with the booster due to its relative 
size and location within the assembly. The optimum 
booster-moderator assembly is one which satisfies the 
experimental requirements, within its own physics, 
engineering and (ultimately) safety constraints. Of 
the basic orientations for a moderator, wing geometry 
is strongly preferred to suppress the y-flash and fast 
neutron backgrounds. A likely material for the cold 
moderator is para-hydrogen, if the purity can be 
maintained. Whilst the thickness of a moderator 
determines, to first order, its pulse length (e.g. it 
is s 50 mm on the SNS), increasing the transverse 
dimensions can increase the neutron flux with small or 
no increase in pulse length if suitable heterogeneous 
poisoning is introduced. Delayed neutron background 
becomes an important problem in the paramaterisstion 
and experimental utilisation of the moderator. The 
suggestion has been made of using close-in choppers 
to reduce this problem. 

5. Technical Problems, Choice of Fuel and Coolant 

The choice of fuel for the booster lies with 

uranium enriched with 
239 

Pu or 235 U, in the form of 
oxide, ceramic, or alloyed with molybdenum. The use 
of plutonium offers a number of advantages, including 
shorter pulse times available because of the smaller 
delayed neutron fraction and the smaller core sizes 
achievable. As indicated in the examples above the 
latter is particularly important since it permits a 
higher neutron brightness at the surface feeding the 
moderator. Some of the disadvantages of plutonium 
are obvious and need not be discussed. 

Alternative candidates for the fuel material are 
oxide and metal, possibly as an alloy (8%-10X) with 
molybdenum as used in the PFR. In either case 
reactor experience indicates pin rather than plate- 
type fuel will be required to give the high volume 
fraction of fuel needed to achieve high keff in a 

small, hard-neutron spectrum core, at the same time 
giving good heat transfer performance and (by virtue 
of its shape) superior resistance to swelling and 
fission product build-up. The impossibility of 
attaining bonding for oxide fuels virtually makes 
pins imperative. 

The central problem in the use of any fuel is 
indicated in Table 2, i.e. the behaviour under 
pulsed conditions. Stress problems arise not only 



- 102 - 

with the rapid rise of temperature during the pulse, 
but also of quenching due to accelerator beam trips. 
Further problems include fatigue and possibly 
ratchetting of the fuel within the clad. Whilst there 
is experience of oxide fuels to 8-10X burn-up in fast 
reactors, the more arduous operating conditions in a 
booster might suggest that much lower design levels 
(say 2%) be considered initially. The question of 
reprocessing has yet to be studied. 

The choice of coolant is dictated by the 
projected high power densities and the requirement 
(via its moderating properties) for a short (s 10m7sec) 
neutron generation time. The power densities in the 
range of 300-500 kW/l suggest the use of liquid sodium 
on the coolant. However D20 is also a candidate if 

the increased pulse lengths are acceptable. In either 
case it may be necessary to use l/v and resonant 
absorbers in the core. 

The combination of these power densities, the 
nature and magnitude of the fuel inventory and the 
pulsed-power operation of the system (let alone the 
problem of high power density pulsed cryogenic 
moderators) necessitate a detailed series of safety and 
criticality studies to ensure safe operation of the 
booster. The safety studies must produce a design 
which minimises the possibility of power excursions, 
coolant channel blockage and core melt-down incidents. 

6. Conclusions 

The development of the SNS by the provision of an 
enhanced "boostern target and optimised for cold 
neutrons offers a facility which will outperform all 
known sources into the 1990's. A goal of the order of 
10 x improvement is aimed at: whether and how this 
will be achieved and what compromises have to be made 
will be the subject of study by this collaboratic,n 
over the next few years. We look forward to this 
exciting prospect. 
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TABLE 2 

prf 
n (Hz) 

Nulti- 
plication 

m 

Fraction of Pulse in 
Useful Power MJ 

Mean temp rise 
C in 80 kg as 

oxide 

1 106.4 (140.8) 0.49 (0.32) 2.45 (3.24) 91 (120) 

2 71.4 (106.4) 0.66 (0.49) 1.64 (2.45) 61 (91) 

5 36.0 (61.3) 0.83 (0.71) 0.83 (1.41) 32 (52) 

10 19.7 (36.0) 0.91 (0.83) 0.45 (0.83) 17 (32) 

25 8.3 .(16.9) 0.96 (0.92) 0.19 ;(0.37) 7 (14) 

50 4.3 (8.3) 0.98 (0.96) 0.098 (0.19) 3.6 (7) 

Operating Modes at 5 and (10) NW mean power, allowing for delayed neutron 
fraction; 30170 Pub fuel as oxides, Na coolant 
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ENHANCEMENT OF THE SNS SPALLATION TARGET BY U-235 ENRICHMENT 

H. Brockmann and W. Scherer 

Kernforschungsanlage Jiilich GmbH 

Institut fiir Reaktorentwicklung 

Introduction 

A collaboration between Rutherford Appleton Lab- 
oratory (RAL) and Kernforschungsanlage Jiilich GmbH 
(KFA) was initiated in the early 1983 to study a mul- 
tiplying subcritical booster target for the SNS (I). 
One proposal to realize a booster target is to enrich 
the present U-238 target in U-235 or Pu-239 and to en- 
hance the neutron output by additional fissions of 
these isotopes without changing the overall design of 
the target. Another concept is to design a totally new 
booster target regarding from the beginning all re- 
quirements of such a type of neutron source. Since 
there was no preference for one of these proposals at 
the beginning it was decided to consider first the de- 
velopment potential of the present SNS target assembly 
and.to use this as a baseline for the design of a new 
subcritical booster target: 

For estimating the potential of the enhanced SNS 
target two-dimensional neutron transport calculations 
were made for different enriched targets and the orig- 
inal SNS target which is used as reference. In the 
following, the potential performance of the present 
SNS target is discussed and first results of the neu- 
tronic calculations for the enriched SNS target are 
given. 

Potential Performance of the SNS Target 

The power density distribution in the present 
SNS target is not uniform along the target axis (2, 3) 
and emphasis is being placed on varying the U-235 en- 
richment along the target to increase the neutron pro- 
duction at the downstream part. A further measure is 
to operate the SNS target up to its design limit. 

The average power density in the uranium plate 
with the highest thermal load is 270 W/cm3 for the pre- 
sent SNS target. Regarding the safety factor 3 in the 
target cooling system the average power density in the 
enhanced target could be raised to 810 W/cm3. This 
leads to a total power of 1.6 MW in the enhanced target 
or a total energy deposition of 8100 MeV/p for a proton 
current of 200 uA. 

The energy deposition due to high energy reac- 
tion is 646 MeV/p in the present SNS target. Since the 
high energy deposition will be changed only insignifi- 
cantly by the enrichment the number of low energy 
fissions, nfi s, will be increased from 2 fissions /p 
in the presen? target to about 38 fissions /p in the 
enriched target. The average number of fission neutrons 
per fission is about 2.5 in the enriched target so that 
96 fission neutrons /p are created in the enhanced as- 
sembly. 

In the present SNS target, 28 neutrons are pro- 
duced per incident proton of which 23 neutrons are due 
to high energy reactions.Denotingthe total number of 
neutrons per proton by nSNf and the number of spallation 
neutrons by n 
target is giv$gag+ 

the neu ron gain of the enriched 

neutron gain = 
"fiss + "spa11 = 4 

"SNS 

, 

The resulting effective multiplication constant defined 

by 

k 
= fission source 

eff absorptions + leakage 

"fiss = 

"fiss + "spa11 

will be 0.8 for the enhanced target. 

Calculational Model 

The model of the target assembly used in‘ the neu- 
tron transport calculations is shown in Fig. 1. The 
target is simulated by a 9 cm diameter by 33.9 cm long 
cylinder containing a uniform mixture of uranium, cool- 
ant, and cladding in their appropriate portions. The 
coolant is heavy water and the cladding material is Zr. 
The target is surrounded by pressure vessel which is 
approximated by a I cm thick region made of stainless 
steel. The reflector, which consists of beryllium rods 
cooled by heavy water, is represented by a homogeneous 
mixture of 80 % (vol.) Be and 20 % (vol.) D20. 

zt 
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I----A-_ 
b-b.5 --Ilk- 25 - 
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1 
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7 

Fig. I Model for Transport Calculations (Dimensions 
in cm). 
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In the neutronic calculations, the target was 
divided into eight regions of nearly the same volume 
in which the enrichment in U-235 was changed (see 
Fig. 2). The U-235 enrichment increase in the direc- 
tion of the proton beam to account for the decrease 
of the primary neutron source. To regard the influence 
of the Be-reflector the enrichment in the outer radial 
regions is lower than in the inner regions. 

I BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
.BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
IBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
(BBBBBBBBBBBBBBBBBBBBBBBBBBB~~~BBBBBB 
BBBBBBBBBBBBBBBBBBBDBBBBBBBBBBBBBBB I 

'CCCCCCCCCC9999999999999999999999999 
~CCCCCCCCCC9999999999999999999999999 
I CCCCCCCCCC9999999999999999999999999 
~CCCCCCCCCC9999999999999999999999999 
&kCCCCCCC9999999999999999999999999 

Fig. 2 Zone Number by Interval in Transport Calcula- 
tions. 

The neutronic calculations were made with the 
diffusion code CITATION (4) and the discrete ordinates 
transport code DOT-IV (5), using the PlS4 approxima- 
tion. A 15 broad group library was used in the trans- 
port calculations which was collapsed from a 123 fine 
group cross section library (94 fast plus 30 thermal 
groups). The weighting functions were calculated by 
the 1-D discrete ordinates transport code XSDRNPM (6) 
using infinite cylinder geometry. For this purpose, 
two spectrum calculations with U-235 enrichments of 
30 X and 50 % were made regarding the different en- 
richments in the lower and upper target zones. 

The primary spallation neutron source was approxi- 
mated by a two-dimensional step function shown in 
Fig. 3. The source strenght data were taken from Ref.2. 

Fig. 3 Neutron Source Distribution (E < 15 MeV) in 
Target. 

Discussion of Results 

Two series of calculations were made using the 
diffusion code CITATION and the discrete ordinates 
transport code DOT. In the first series, the original 
SNS target which is used as reference was calculated. 
The results were compared with earlier results of RAL 
to make sure that the calculational model is adequate. 
In the second series of calculations, the U-235 en- 
richment in the 8 target regions was changed in such 
a way that a nearly uniform power densit y distribution 
with the desired power level of 810 W/cm was achieved 
regarding also the contribution of the incident proton 
beam in the front regions of the target. Some quan- 
tities of interest obtained from these calculations 
are given in Table I. To calculate the total power a 
fixed amount of 125 kW due to the high energy reactions 
was added to the fission power. It was furthermore 
assumed that an energy of 6 MeV is released in a neu- 
tron capture event. 

Further results of the CITATION AND DOT calcula- 
tions for the enriched target are given in Figs. 4 
and 5. They present the required U-235 enrichment and 
the fission power densities in each of the eight tar- 
get regions. In order to quantify the benefits of the 
enriched target at the present stage of calculations, 
the neutron gain was calculated as the ratio of the 
radial outflow from the enriched target to the radial 
outflow from the present SNS target. 

The gain in the total radial outflow for the en- 
riched target in comparison to the present SNS design 
is about 3. The enhancement varies from 2 in the re- 
gion near the proton beam entrance to 7.7 at the down- 
stream region. The increase in the neutron currents 
feeding the moderator boxes is 2.3 for the first half 
of the target and 5.7 for the second half. 
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TABLE I 

Summary of CITATION and DOT Results. 

"0 CITATION 57 194 0.1542 5.06 l lOI 

8 
z 
5 DOT 68 207 0.1878 5.60 l lOI 

2 CITATION 1415 1560 0.7972 1.49 * 10 17 

.: 
z w DOT 1480 1640 0.8062 1.71 l 1o17 

U-235 ENRICHMENT 

FISSION POWER DENSITY (W/CM3) 

REGION 4 

70 x 

734 

REGION 8 

50 x 

746 

REGION 3 RtGlON 7 

45 x 35 % 

670 749 

REGION 2 REGION 6 

35 x 30 % 

662 749 

NEUTRON GAIN 

2 

7.7 

4.3 

2.6 

U-235 ENRICHMENT 

FISSION POWER DENSIT\ (W/CM3) 

REGION 9 

90 ?a 

659 

REGION 3 

60 % 

664 

REGION 2 

40 % 

572 
I 

REGION 8 

70 x 

733 

REGION 7 

45 % 

754 

REGION 6 

35 x 

736 

2.0 

REGION 1 REGION 5 

30 x 30 % 

440 628 

Fig. 4 U-235 Enrichment, Fission Power Density, and 
Neutron Gain in the 8 Target Regions obtained 
from the DOT Calculation. 

Conclusion 

One way to design a multiplying subcritical 
booster target for the SNS is to enrich the present 
target in U-235 or Pu-239. First calculations show 
that an operation of the target up to the design limit 
by enriching in U-235 leads to gains in the radial 
neutron outflow from the target that further investi- 
gations of this proposal seem to be worthwhile. The 
next task will be the study of the time structure of 

NEUTRON GAIN 

7,l 

4,l 

2.5 

1.9 

Fig. 5 U-235 Enrichment, Fission Power Density, and 
Neutron Gain in the 8 Target Regions obtained 
from the CITATION Calculation. 

the neutron pulse from the target and the moderator. 
A further important problem to be investigated will be 
how the coupling between target and moderator will be 
influenced by the large increase of the fission power 
in the target. 
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Summary 

The construction of the SNQ accelerator in 

two stages (stage I: 350 MeV or above, stage 

II: 1100 MeV, 5 mA average proton current for 

both) requires a staged concept for some 

areas of the proton target station too. 

Chiefly the target depth dimensions for the 

various materials such as lead and/or tung- 

sten as well as uranium, in stage I only one 

fifth of stage II but unchanged outer dimen- 

sions of the target wheel, is influenced. 

Cooling systems for the target, moderators 

and shielding will also be constructed in two 

stages. In contrast other components like 

target block shielding and cooling water 

pipes embedded in the shielding block respec- 

tively target trolley are to be constructed 

in stage I already in identical size designed 

for stage II. 

1. Introduction 

On occasion of last years ICANS-VI meeting 

at Argonne National Laboratory G. Bauer re- 

porting on the "Status of the SNQ Projekt 

at KFA Jiilich" /l/, pointed out that the 

facility should be built in a staged way. 

Stage I: 

Accelerator type LINAC with a mean proton 

current of 5 mA and about 350 MeV proton 

energy or 

SYNCROTRON with a mean proton current of 

0,s mA and 1,l GeV proton energy. Both 

types first using al-cladded lead as target 

material, followed later by al-zircaloy/cla- 

ded depleted uranium. 

Stage II: 

Accelerator type LINAC with 1.1 GeV proton 

energy and 5 mA mean current using al- 

cladded lead first and finally al-zircaloy/ 

cladded depleted uranium as target material. 

Stage III: 

Implementation of a proton pulse compressor 

- (pulse length 0.5 us) 

Both possibilities of stage I had been 

studied to such an extent till january 1983 

that a choice on the accelerator type could 

be made. In february 1983 the scientific 

advisory committee of the SNQ project re- 

commended to build a LINAC in stage I (see 

/2/). The main data are given in Table 1. 

TABLE 1: MAIN PROTON BEAM PARAMETERS OF SNP 

STAGE I STAGE II 
-- 

ENERGY 350 MEV 1100 MEV 
AVERAGE PROTON CURRENT 5MA 

PULSE PROTON CURRENT 

PROTONS/PULSE 32%14 

REPITITION RATE 100 Hz 

PULSE WIDTH 250 1s 

Since then the plant lay out work is 

concentrating on designing a target station 

using, first lead or tungsten") and 

finally 238-uranium target rods cladded by 

al or zircaloy and directly cooled by light 

water. The concept of the target station is 

to be elaborated in such a manner that it 

would allow as easily and fast as possible 

the technical adaption necessary to be ope- 

rated with a 1100 MeV/S mA proton beam in 

stage II and with the same sequence of tar- 

get materials as in stage I. 

The main results of the work achieved so 

far will be given in this report. 

2. Basic Design of the Targetstation 

(Table 2) 

During operation, the target is located in 

l*)tungsten has become a serious canditate 

for targets in stage I and II (see/3/) 



the centre of the target block,. where it is 

hit by the proton beam (Fig. 1). The fast 

neutrons emerge from the upper and lower 

surface of the disc-shaped target wheel at 

the position of proton incidence. These 

neutrons are slowed down in moderators of 

different design (small H20 moderator be- 

low the target and large D20 tank with cold 

neutron source and irradi-' ’ 

TABLE 2: MAIN DATA OF THE TARGET BLOCK 

- OUTER DIAMETER TARGET BLOCK 

- TOTAL HIGH1 TARGET BLOCK 

- DIAMETER CAST IRON CENTER 

- THICKNESS CONCRETE SHELL 

- HIGHT TARGET BLOCK ABOVE TARGET-WHEEL 

- BEAH HOLES (MULTIPLE). LOOKING AT 

H20-MODERATOR 

- BEAM HOLES (MULTIPLE), LOOKING AT 

COLD NEUTRON SOURCE 

- DIAMETER ROTATING BEAM SHUTTER 

- NEUTRON BEAM LINES (MULTIPLE, 6 EACH) 

- TOTAL WEIGHT CAST IRON ' 

above the target) (Fig. 1) 

- 110 - 

ties 

12 M 

13 M 

10 M 

1M 

5n 

8 HOLES 

2 HOLES 

2M 

2 LINES 

a,+ KG 

Several beam tubes and neutron guide tubes 

which view these moderators and penetrate 

through the surrounding shielding lead to 

Inspection, maintenance and eventually 

pair cannot be carried out in the ope- 

rational position of the target wheel, 

re- 

be- 

cause it is not accessible for any tasks 

inside the shielding block. Therefore the 

target wheel is mounted on a tro,lley also 

carrying the lower moderator and parts of 

the shielding. For such IWR (Inspektion- 

Inspection, Wartung-Maintenance, _Reparatur- 

Repair) tasks the target wheel will be 

moved by remote handling from its ope- 

rational position into the service cell, 

which is directly linked to the target 

block. 

The target wheel has to rotate on the fixed 

target trolley when in operational posi- 

tion, whereby cooling water for the removal 

of heat, which is mainly generated by spal- 

lation, has to run trough the weel. The 

wheel has to be connected to a device called 

KLA (Kiihlung-Cooling, Lager-Bearing, Antrieb- 

Drive water supply system) which supplies 

the wheel's cooling water, acts as bearing 

and drives the rotation /4/. 

.TT V’M : TW HMP 

the experimental areas where the neutron 

scattering instruments are located (Fig.2). 

FIG. 1: TARGET BLOCK (VERTICAL VIEW) 
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FIG, 2: TARGET BLOCK AND IRW-SERVICE CELL (PLAN VIEW) 
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The rotating target is a unit consisting of 

the connection of the target wheel and the 

so-called KLA. 

Target wheel and KLA are connected force- 

locking and water-tight by bolts and metal- 

lic sealing rings. This connection can be 

unscrewed in the IWR-service cell. 

3. Nuclear Target Data of Stage I and II 

The nuclear data for stage I and II using 

lead, tungsten and depleted uranium as 

target materials have been calculated by D. 

Filges et al /5/. Those which are of parti- 

cular importance for the technical lay out 

of the targetstation are given in Table 3: 

range of protons, target depth for 85 % 

(stage I) respectively 95 % (stage II) of the 

neutron production, target depth for the cen- 

tre of moderators, peak energy deposition per 

pulse, time-averaged total target power. 

The proton range for the same material is 

about five times greater in stage II com- 

pared to that of stage I, nearly twice 

as great for lead than for tungsten and 
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uranium the proton ranges of which are 

nearly of equal size. The target depths up 

to which 85/95 % of all neutrons are 

produced show the same relations between 

the different target materials and the two 

stages. It is smaller than the range of 
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FIG. 3: ENERGY DEPOSITION IN DEPLETED URANIUM TARGETS VERSUS TARGET DEPTH (STAGE I AND II) 
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protons and therefore determines the 

"technical" target depth in stage I and 

II. 

The different target depths for the centre 

of the moderators have to be taken into 

account for the optimal coupling especially 

of the H20-moderator, whereas they are of 

minor importance in the case of the large 

(2 m diameter) D20-moderator. 

The maximum peak energy deposition per 

pulse is significantly greater in stage I. 

Furthermore shape and position of the peaks 

are different, within stage I and II. Fig. 3 

shows the curve of the peak deposition 

versus the target depth for uranium targets 

in stage I and II. Typical target pin 

diameters (20 mm) are indicated for both 

stages. The very narrow ("Bragg") peaks in 

stage I at the end of the target, which are 

much smaller than the pin diameters result 

in an unsymmetric radial temperature 

distribution and additional thermal stress, 

that could be avoided by a reduction of the 

"technical" target depth in stage I. The 

uniform radial temperature distribution in 

stage II. does not require any technical 

extra-measures. 

Table 3 reveals that the time averaged 

total power generated in the target is 

- 50 60 70 80 90 
Target Depth p' of total Ta::it Depth] 

significantly higher for the uranium target 

in stage II compared to all targets in 

stage I and even the "non-uranium" targets 

in stage II. This leads to a 2 step concept 

of the target cooling system. 

4. Design for Stage I and II 

The concept of constructing SNQ in several 

stages permits the stepwise construction 

for some of the components too, whereas 

other component groups either are needed 

for functional reasons in their final ’ 

design right from the start or will, 

because of construction reasons be used in 

stage I and II. identically, even though a 

lesser version would suffice in stage I. 

4.1 Tarqet Wheel 

The stepwise concept has its strongest 

influence on the design of the target of 

course. The target, a large wheel, rotating 

in the pulsed proton beam in a high energy 

density is a novel component of a high 

potential with respect to design, selection 

of materials, welding techniques and de- 

pending upon this its operation life. Be- 

cause of this it was decided to have 

identical design and structural materials 

for the target wheels of all stages in 

order to use the operation experience for 
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improving the life expectancy. The design 

life of the first target wheel is two years 

corresponding to 12.000 h of full power /6/. 

The main load for the target wheels does 

not arise from the weight of the target 

material but from the hydraulic pressure 

of the cooling water flow onto the wheel 

discs comprising the inner walls of the 

target wheel. The wheel discs of the lead 

target of stage II (700 mm target depth) 

are loaded that much, so that they are to 

be held together by 232 tie rods in order 

to avoid excessive elastic deformation. The 

elastic buckling of the target discs is 

thus reduced from 3,5 mm down to 0,2 mm. 

These tie rods comprising target pins with 

stronger canning and threaded bolts on 

either end /4/ are not needed for tungsten 

and uranium targets of stage I and II as'well 

as for the lead target of stage I, as the 

lesser target depth reduces the hydrauli- 

cally stressed areas of the wheel discs 

especially because the inner target zones 

with a smaller number of cooling water 

channels are not existing in those designs. 

Because of this the pressure loss and thus 

the average static water pressure at the 

same cooling water flow in the target 

(table 4) are reduced. The same is valid 

for a cooling water flow through the 

uranium target of stage II doubled from 

250 ma/h to 500 mS/h. 

The cooling water channels within the tar- 

get structure of the uranium target have 
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been pltered with respect to save after- 

heat removal. All water inlet and outlet 

channels within the target structure are 

designed like a syphon, so that in the' 

first instance the target pins remain under 

water in the case of loss of coolant. 

(fig. 4 and 5) 

4.2 Target Pins 

The target material itself is also strongly 

influenced by the staged concept. It is 

arranged in form of pins in the inner of 

the target wheel for better heat removal. 

For each construction stage of the 

accelerator different target materials are 

to be used starting with lead and/or 

tungsten and ending with uranium (Table 4) 

The target pins will always be inserted in 

cans to avoid direct release of spallation 

products from the pin surfaces of the 

target materials into the cooling water. 

Direct contact of water with uranium 

because of the well known uranium-water 

reaction has to be avoided in any case. 

For minimising the release of spallation 

products from the canning surfaces I 

surrounded by cooling water the canning 

material must have a low atom weight and 

a low density. Therefore aluminium is a 

suitable canning material espedial,ly, as 

aluminium has in addition a low neutron 

and proton damage rate /3/, a good corrosion 

resistance and a high heat transfer coeffi- 

cient. As a back-up material for targets 

at higher temperatures, likely to occur in 
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The canning in the form of tubes is to be 

put over the target pins and it is 

important to achieve a maximum surface 

contact ratio as the heat transfer 

coefficient and therefore the temperature 

level in the target pin is influenced by 

'this. Table 3 shows the importance of this 

at high local energy depositions of stage I. 

For a lead target pin it is sufficient to 

push a lead pin of a tight fkt into the 

aluminium tube. When the proton beam hits 

the lead it is heated up and expands 

against the water-cooled aluminium tube, 

so that lead and aluminium press against 

each other. As lead possesses 'virtually no 

elasticity a high plastic deformation at 

the surfaces takes place giving a ratio 

of surface contact of over 95 %. 

This principle does not work with the hard 

and non-plastic materials tungsten and 

uranium. These materials require a plastic 

deformation of the cladding material at the 

surfaces of the target pin. In this case 

the aluminium tube is to be pressed onto 

the core of tungsten and uranium by iso- 

static pressing. Manufacturing processes 

of different pressing methods and the 

measuring of surface contact ratio are 

under preparation. 

The differences of the stage concept and 

the variation of target materials caused 

by it present themselves only in the numbe,r 

of rows of target pins, that means the 

depth in the inner of the target wheel 

(table 4). 

The targets of stage II with the same 

material are about five times deeper than 

the ones of stage I and the lead targets 

are always about double as deep as the 

tungsten or uranium targets (tungsten and 

uranium target are of the same depth). 

Fig. 4 shows the target wheel with the 

largest target depth using lead at 

1100 MeV. In contrast the uranium target at 

350 MeV shown in fig. 5 is extremely short. 

The targets of stage I are problematic be- 

cause of ext.remely high energy deposition 

at the end of the proton ra'nge due to an 

eminently narrow "Bragg"-peak. As shown for 

a uranium target of stage I in fig. 3, the 

specific heat deposition in a part of the 

pin abruptly increases by about 100 % 

leading to significantly increased hot-spot 

temperatures compared with its surrounding 

and leads to problems concerning thermal 

stress due to an asymmetric temperature 

profile. This unwandet thermodynamic effect 

has to be-avoided either through "thinning" 

of target material in the area of the 

"Bragg"-peak or through reduction of target 

depth (replacement of last pin row by 

water). The losses in neutron production in 

the order of about 15 % (see table 3) due 

to shortening of the target seem to be 

tolerable, as they occur for the probably 

short time operating targets of stage I 

only. Therefore the latter method will be 

preferred in the design. 

4.3 KLA-unit 

Fig. 4 and 5 show target wheels mounted on 

KLA units. The KLA-unit carries the load of 

the total target wheel (table 4), moves it 

at 30 rotations per min. in a vacuum 

atmosphere and has openings for cooling 

water entry and outlet for the rotating 

target wheel /4/. 

Already now this KLA unit as an important 

part is extensively beeing tested, taking 

into account radiation damage of materials 

for slide ring seals /3/ as well as overall 

mechanical performance of the KLA unit. The 

dynamic behaviour @f a KLA unit type I as 

shown in fig. 4 without radiation damage 

hqs been tested in original size. This type I 

unit has hydrostatic axial as well as ra- 

dial bearings. Repeatedly problems occurred 

with the hydrostatic radial bearings lea- 

ding to mechanical damages. These problems 

seem to be related to thermal causes and 

testing is continued. In any case, the 

developement of a KLA unit typ II (Fig. 5) 

has been started in parallel, which features 

the well performing hydrostatic axial bea- 

ring and a special stainless steel roller 

bearing ao a radial bearing. In addition 

the remote handling of the KLA unit is 

facilitated, as there are no more outer 

c 

I 



cooling water inlet and outlet pipes like 

for type I. 

A stainless steel roller bearing in origi- 

nal size is unter test right now. 
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4.4 Diameter of Target Wheel 

The diameter of the target is determined 

essentially by thermodynamical parameters. 

During one rotation at a pulse distance of 

10 ms (frequency 100 Hz) the same area at 

the wheel circumference has to be hit by 

one proton pulse only. That gives a circum- 

ferential velocity of 40 mm/l0 ms = 4 ms-l 

with a proton beam diameter of 40 mm (FHWM 

see /5/). Furthermore a sufficiently long 

cooling period of about 2 seconds was 

chosen before reentering the proton beam, 

from which a wheel diameter of 2,5 m 

results. 

The target station is designed for the ura- 

nium target of stage II. The two mode- 

rators, located above and below the target 

wheel, have to be placed in an optimum 

position depending on the neutron flux 

distribution emerging from the target wheel. 

This is a target depth of 8 cm (see table 3) 

and of special importance for the small 

H20-moderator. Eight neutron beam tubes 

are directed at the H20-moderator. As 

they are in fixed positions in the target 

block, they thus determine the location of 

the H20-flloderator in the cavern. Table 3 

shows, that for the same target material 

the target depth for the optimum posi- 

tioning of the moderator for stage I is 

about 3,s cm smaller than for stage II. In 

addition, the depth for lead compared with 

tungsten and uranium, for which the depth 

is about the same, is about 1,5 - 2 cm 

more. These differences are taken into 

account by reducing the radius of target 

wheels of stage I by 3,5 cm in comparison 

with stage II wheels. For lead a further 

adjustment of the target wheel radius 'does 

not seem to be necessary, as the existing 

wide maximum of the neutron flux distri- 

bution /5/ will compensate differences of 1 

to 2 cm in the moderator arrangement. Final 

optimisation calculations for real geome- 

tries will have to decide wether or no 

I. 

1.1 

TABLE: 
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radius adjustments have to be carried out. /4/ 

4.5 Cooling systems 

It can be seen in table 5, that for stage II 

only the use of uranium leads to signi- 

ficantly higher heat deposition in the 

target, the H20- and D20-moderators /5/ 

and the shield systems. Therefore, for the 

cooling systems of these components a stage 

concept was adopted too. The first stage , 

of this concept provides for save heat /6/ 

removal for all targets of stage I and for 

the non-uranium targets of stage II. 

All cooling systems are of a modular design 

for the components influencing the cooling 

capacity. 

The increase in cooling capacity for stage 

II is carried out by adding pumps and heat 

exchanger moduls in parallel. All necessary 

provisions for extra space have to be made 

in stage I of course. All parts, which can 

lateron not be altered, like the pipes 

fixed into the targetblock and the target 

trolley, have to be of the dimensions 

necessary for stage II at stage I already. 

4.6 Shielding Block 

With regard to /5/ the shielding of the 

target wheel (fig. 1 and 2) in stage I 

could be constructed some what smaller 

(shielding thickness of stage I 5 to 10 % 

lesser than for stage II). As a later 

increase would be very time consuming and 

costly a stepwise construction of the 

target block shielding is not considered. 
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HEAT-UP EFFECTS OF GAMMA SHOWtRS ON NINE SAMPLE MATERIALS 

IN TRIUMF NEUTRON SOURCE GEOMETRY 

M. Pepi.n 
Swiss Institute for Nuclear Research 

CH-5234 Villigsn, Switzerland 

SUMMARY 

The Monte-Carlo programme EGS’ was used to 

follow the propagation of electron-gamma 
showers through the geometry of the TRIUMF 

neutron source, and to estimate the resulting 
energy deposition in nine sample materials. 

INTRODUCTION 

Following the Monte-Carlo study2 of the heat- 

up of samples of 9 materials by the nuclear 

cascades of protons at 520 MeV in the approxi 

mate geometry of the TRIUMF neutron source, 

the Monte-Carlo programme EGS was used to in- 

vestigate the additional, simultaneous heat- 
up of the same 9 samples by the effect of: 

I 
RJCt,J”Q”tJr SJft 
6.35rl3.65tcn’ 1 

Fig. 1 Simplified geometry of the central 

region of the TRIUMF neutron source, 
as used in the Monte-Carlo study. 

i I the gamma showers from neutral pion decay, 

and 

ii] the prompt nuclear gamma showers 

which are produced in the lead target by the 

nuclear cascades. The 9 sample materials are 

Be, C, Al, Fe, Cu. W, Pb, Bi, and heavy water. 

The effects of proton beam lateral displace- 
ment and beam spot size were also briefly 

examined. 

In order to allow the flexible handling of 

the somewhat complicated geometry of the 

target arrangement (see Fig. 1 I, the geometry 

package of HET was linked to the EGS code 

and used in this study. 
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PARAMETERS OF THE SOURCE GAMMAS 

For the gammas from neutral pion decay, the 
pion energy spectrum and the normalisation 
factor of one pion per 46 incident protons 
were taken from the 520 MeV nuclear cascade 
study. The pion spectrum and the resulting 
spectrum of the original gammas, obtained 
under the assumption that the pions are pro- 
duced isotropically in the lab, are shown in 
Fig. 2. The mean gamma energy is 69.7 MeV, 
the mean z-value (z is the direction of the 
proton beam) lies 4.6 cm deep in the lead 
target. The distribution of shower origins in 

the plane perpendicular to the proton beam 
was assumed identical to the beam shape, i.e. 
gaussian, with 95 % of the probability withir, 
a spot of 3 cm diameter; tails outside a 
radius of 5 cm were cut off. 

For the prompt nuclear gammas, the. same x, y, 
and z distributions were taken as for the 
gammas from neutral pion decay. Following 
F. Atchison, W.E. Fischer and 8. Sigg3, the 
normalisation factor was taken to be 1.2 
gammas per incident proton, and the source 
spectrum was assumed to be in good approxi- 
mation rectangular between 1 and 9 MeV. 

METHOD 

In order to save computing time, the propa- 
gation of all shower particles was suspended 
when the particles escape the surface of the 
lead target. All escaping particles were then 
rotated by that multiple of 60 degrees which 
was necessary to bring them into the 60 de- 
gree sector of the target which faces the 
sample; the propagation of the shower was 
then resumed. The shower particles were also 
rotated by 60 degrees more and 60 degrees less 
than necessary, in order to judge the contri- 
bution of the neighbouring sectors to the flux 
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incident on the sample. The spectrum of 
photons incident on the sample was obtained, 
and EGS was used again to estimate the energy 
deposits in the sample. 

RESULTS 

Table I presents compared values of particle 
energies and fluxes for the neutral pion 
decay and the prompt nuclear gamma showers 
(photons below 1 NeV were not included in 
these statistics, as they contribute con- 
siderable numbers of particles, but less 
than 10 % of the energy). The energy spectra 
of the gammas incident on the sample are 
shown in Fig. 3. Table II gives the sample 
heat-ups for the 9 materials. All results 
are normalised to IO PAS of incoming protons. 

CHECK OF THE RESULTS 

In a very rough hand calculation, the gamma 
source was assumed to be a mono-energetic, 
isotropically emitting point, located at the 
centre of mass of shower origins. The energy 
incident on the-sample was then given by the 
source strength, times the solid angle factor, 
times (for each intervening medium1 the pro- 
duct of the thin-beam attenuation for that 
thickness of medium and the energy fluence 
buildup factor for the mean photon energy at 
entrance to that medium (the mean photon 
energy was taken from the EGS intermediate 

results). The heat deposited in the samples 
of Al, Fe, Pb and heavy water, for which 
buildup factors could be found in the litera- 

ture. were estimated by calculating in a 
similar way the energy transmitted through 
the sample and assuming the complements of 
energy to have been deposited. 

In these calculations, and for photon energies 

below IO MeV, the buildup factors were taken 

110 decay Prompt nucleHr 
showers showers 

Uo. of incoming protons 6.24 * lOI 6.24 * lOI 

No. of electron-gamma cascades 2.71 * 10'2 7.49 * 10'3 

Total energy of initial gammas CMeV) 2.43 ' 1014 3.75 * 10'4 

Mean energy of initial gammas (MeV) as’.7 5.0 

NO. of particles above 1 MeV escap’lng 0.45 * 10'2 2.15 ' IO" 
target from side 

Total kin. energy of the above (Me\1 3.70 * 10’2 7.50 * 10'2 

Mean kin. energy of the above (MeVI 8.1 3.5 

Composition of the above 96 % gamma.5 99 % gWIl"ee 

No. of particles above 1 MeV incident 1.10 * IO'O 1.90 * 10'0 
on the sample 

Total kin. energy of the above (MeVl 4.20 * IO" 6.70 * 10'0 

Mean kin. energy of the above (MeV) 3.8 3.5 

Composition of the above 98 % gammas 99 % gammas 

Table I Some parameters characterising the flux, energy content. 
and composition of the electron-gamma showers at various 
stages of their propagation: at source, at the side exit 
point from the cylindrical lead target, and at the point 
of incidence on the sample. 
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Sample no decay showerr 

I E 
dep 

[MeV/sec cm31 
[dT/dtlo 

l%SeCl 

0.13 * 10-5 

0.21 . 10-5 

1.10 * 10-5 

0.54 * 10-5 

1.32 ' 1O-5 

1.63 . 10-5 

3.72 * 10-5 

4.79 . ,o-5 

4.81 . 10-5 

E 
dep 

[MeV/sec cm31 

0.42 * 106 

0.60 . 106 

1.24 . 106 

1.50 * 106 

4.12 ' IO' 

5.52 . 106 

9.62 * 106 

7.42 * 108 

6.58 "lo8 

(dT/dt) 
0 

l°C/secl 

0.15 . 10-5 

0.38 . 10 -5 

1.81 . 10-5 

0.99 . 10-5 

1.86 ' 1O-5 

2.57 ' 1O-5 

5.97 ' 10-5 

8.11 . 10-5 

8.57 . 10-5 

i 

E 
dep 

rlev/sec cm31 

8.62 . 109 

7.47 ' 109 

5.28 * IO' 

3.68 ' 10' 

6.79 ' 10' 

6.76 * IO' 

6.06 ' 10' 

2.98 . 109 

2.66 ' 109 

ldT/dtl 
L 

[%/seci 

3.0 * 10-4 

3.5 . 10-4 

7.6 . 10-4 

2.4 * 1O-4 

3.1 . 10-4 

3.8 . 10-4 

3.0 . 10-4 

3.3 . 10‘4 

3.5 . 10-4 

Table II Energy deposition Ede per cm3.0f sample and par sec. and initial rate of 
sample heat-up (dT/dt?, for nine sample materials and for pion decay and 

prompt nuclear y showers. Pro memoria, the corresponding quantities for 

nuclear cascades (results of ref. 21, are also shown. All figures are 
normalised to a IO uA incoming proton beam. 

t‘rom the Engineering Compendium on Radiation. 
Shialding4. For the propagation of the neutral 
pion decay showers through the lead target of 
?.7 cm radius, a kind of "buildup factor" was 
defined by estimating the unscattered escap- 
ing energy (thin beam approximation) and com- 
saring it with the total energy transmitted 
through a 7.7 cm thick lead slab, as given by 
Yessel and Crawford S. A value of 199 was ob- 
tained. 

Toaparison of these hand calculations with 
TLhe EGS results shows good agreement (dis- 
zrepancies between 2 % and 15 %I whenever the 
photon energies are below IO MeV, i.e. every- 
where except for the propagation of the pion 
decay showers through the lead target. In 
this last situation the hand calculation leads 
to a value 42 % larger than the value given by 
CGS. 

EFFECTS OF BEAM VARIATION 

In order to ascertain the effects of lateral 

>eam displacement and beam spot size on the 
sample heat-up, EGS was used to estimate the 

amounts of energy incident on the sample when 
the distribution of shower origins was dis- 
placed laterally by 1.5, 3.0 and 4.5 cm 
towards the sample, and when the distributions 

of shower origins in the x-y plane were 
assumed uniform within concentric rings with 
limiting radii of 1.1, 2.2, 3.3, 4.4, 5.5. 
6.6, and 7.7 cm. Because of the limited 
computing time available, only the showers 
from neutral pion decay were thus investi- 
gated, and the statistics used in these 
studies were considerably reduced, so that 
the number of photons above 1 MeV incident on 
'.tls sample was as low as B (for shower origin 

r 

I- 

I - 

I- 

I- 

I- 

l- 

L 

Fig. 3 

I 
, 
r __ 
1 I I I I I1 I I, I I I 

? 2-' 2-& 2" 2-l 2" 1 2 4 8 16 32 

Energy [MeVl in log.Scale 

Energy spectra of gammas incident on 
the samples under study for al showers 
originating in neutral pion decay, and 
bl showers from prompt nuclear gammas. 
Histogrammes are normalised to 10 UAS 

of incoming proton beam. 
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Energy incident an sample 

Jescription of Absolute in MeV *As multiple of case 
incoming proton beam (for IO vamp SBC beam1 with "standard" beam 

3) "Standard" beam 4.2 * IO'O 1.0 

bl &am 1.5 cm off-canter 7.0 * 10'0 1.5 

Beam 3.0 cm off-center 12.0 * IO 10 2.7 

Beam 4.5 cm off-center 76.0 * 10'0 16.4 

cl Ring 1 II 2 r ( 1.1 cm 2.4 ' 10'0 0.5 

Ring 2 1.1 2 r < 2.2 cm 2.9 + 10'0 0.6 

Ring 3 2.2 5 r < 3.3 cm 3.4 * 10'0 0.7 

Ring 4 3.3 < r < 4.4 cm 14.1 * 10'0 3.0 

Ring 5 4.4 < r < 5.5 CIII 22.2 * 10'0 4.8 - 

Ring 5 5.S 2 r < 6.6 cm 21.1 * 10'0 4.5 

Ring 7 6.6 < r ‘ 7.7 cm 122.0 * 10 10 26.0 

Table III Energies incident on the sample in the form of y 

showers for al the original, “standard” beam, bl 

the same beam laterally displaced towards the 

sample by various amounts, and cl seven ce’ntered 
but ring-shaped beams. The results are given in 

absolute values (normalised to IO uAs of Protons 
on the lead target), and as a multiple of the energy 
incident on the sample in the “standard” case. 

distributions concentrated near the axis of 

the target). The statistical errors are 
REFERENCES 

correspondingly large. 1. 

The results, given in Table III, show that 

beam mis-alignment and blow-up could account 
2. 

for gamma heat-up effects up to an order of 
magnitude greater than the values obtained 
with the “standard” beam. 

R.L. Ford and W.R. Nelson, The EGS code 

system, SLAC Report No. 210 (June 19781 * 
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de’position of a flux of spallation neutrons 
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SUMMARY 

Two available high neutron energy cross section lib- 
raries for shield design were checked and corrected. 

Comments are given to the corrections and the errors 

found. Homogeneous iron and heterogeneous iron/con- 
crete bulk shields were analysed by direct and adjoint 

Sn-method using these libraries. Some results were 

comparable to published data. Conclusions are drawn 

for the utility and accuracy achieved with these data 
libraries. This investigation was made for the project 

of a spallation source (SINQ) at the Swiss Institute 
for Nuclear Research (SIN). 

1. INTRODUCTION 

The design of a spallation source shield involves the 

same types of problems as for nuclear reactor shields 
- viz. designing the bulk shield, the beamholes and 

shutters, and the determination of sky- and groundshine. 

However, the energy range of the neutron and gamma 
radiation created by the spallation processes is much 
wider and the necessary cross-section data and models 

are less accurately known than for nuclear reactor 
shielding. An intercomparison of cross-sections (c.s.) 
and methods is useful in determining the effects of 
these uncertainties on the target quantities of in- 
terest, e.g. radiation damage, radiation heating and 
dose rates. For the bulk shield analysis of the SINQ 
we restricted ourselves to the established determini- 

stic method of discrete ordinates using a version of 

ANISN in connection with two different high energy 
neutron C.S. libraries. 

We proceeded in three steps: 

a. Preparing the necessary group cross section libraries 

for the transport calculations. 

b. Analysing a high energy neutron benchmark of a 
homogeneous iron shield with respect to equilibria 

spectra, +elaxation length and build-up factors. 
c. Analysing a heterogeneous bulk shield of iron and 

concrete and comparing the outer dose rates with 
rule of thumb results. 

2. COMMENTS ON THE STATE OF THE HIGH ENERGY NEUTRON 
CROSS SECTION LIBRARIES 

Two cross-section libraries which include the necessary 

neutron c.s. are available for use. The first, from the 
Oak Ridge National Laboratories, USA, will be refered 

to as HILOl. The other from the Los Alamos National 
Laboratory is termed LANL2. The main characteristics 
of the libraries are cqmpared in Table 1. The LANL 

library is relatively old (1972) compared to HILO (1978) 
and it has been recommended, that it should be applied 
with caution3. It is neither adjusted to experiments 
nor based on the latest C.S. files. The energy resolu- 
tion (number of groups) in the low-energy range is 
similar to that of HILO. In the high energy range 
HILO has a much better resolution. HILO may, there- 
fore, be expected to be better suited for problems 
with strong spectrum variation in the high energy 
range, as is the case for an iron shield. 

Summary of the Characteristics of the HILo and IANL Libraries 

WE: hiqh energy / LE: lar energy range) 

Characteristics HILO IANL 

Coupled n 4 T Yes no Y 

Ntier of n groups HE: 31 
LE: 35 ’ 66 

n-energy range 

\I- energy range 10-I - 14 Hev 

Leqendre expansion HE: pg 
LE: Pp 

Yes, except 
for Pb L W in HE 

no in HE 

T-ITS: Intranuclear Intranuclear 
cascade/eva- cascade/eva- 
poration and poration 
optical model 

r,E: VITAuN-C from IE: ENDFD-IT1 
ENm,B-IV 

Adjusted to experiments Yes no 
- 

References (1) (sij (7) (2) (5) (7) 

Because of the obvious importance of the C.S. data in 

the calculations both libraries have been recently 

checked, corrected and compared directly to each other 

and to available measurements. The results were satis- 

factory with three exeptions: 

LANL-library: 

a. The C.S. of molybdenum in the energy range 17-20 MeV 

(group 11) seemed to be wrong, if compared to the 
neighbour groups. They were replaced by those gene- 

rated by the NJOY-data-processing system4 from ENDF/B-IV. 
To be consistent the corresponding values in the Pl-P3 
moments were generated and replaced too5. Table 2 com- 
pares the original LANL data with those from NJOY and 
ENDF/B-IV for the PO-moment only. 

b. The C.S. of lead is questionable above 100 MeV, 

C 

if it is compared to measurements and HILO-C.S. 
data: This error was found by T. Armstrong too8. 
See Fig. 1.7. For lead the HILO C.S. is recommended 
for use instead of the LANL values. 

HILO-library: 

The HILO C.S. (except for Pb and W) are much too 
large above 100 MeV. This is due to an increase in 
the elastic C.S. obtained from optical mode18cal- 
culations, where global parameters were used . 
Figure 2 shows the huge differences in comparison 
to the basic BNL-325 data for iron5. Therefore 
transport calculations for an iron bulk shield will 
generally give lower fluxes.and dose rates with HILO 

C.S. than with LANL c.s., which don't 'contain elastic 

scattering in this energy range. (See table 1 and 

figure 2). 
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The influence of the c.s. differences on the calcula- 

ted outer dose rates and the shield thickness is of 
major concern and can be examined by typical bulk shield 

benchmarks. 

Table 2: Comvarison of Pn-scattering transfer moments 

l- 

t 

g’ ._ 
\ 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
.23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

_.A 

IT,11 

3tot,ll 
--- 

0 
ah,11 
.~ 

WNL NJOY/ENDF/B-IV 

0. 
1.65616-4 

-1.48324-3 
-1.11616-3 
-5.31374-4 
-5.49201-4 
-2.01767-4 
5.80335-5 

-1.17007-4 
1.72217-4 
2.82994-6 
7.15650-4 

-5.24013-4 
5.60998-4 
1.36244-3 

-7.13660-4 
7.63087-5 

-2.94215-4 
-2.02188-5 
-1.68503-5 
-3.24634-5 
-7.98184-6 
2.70260-5 

1.61990 
2.83250-l 
1.29320-2 
1.44870-2 
2.54750-2 
4.28840-2 
6.70790-2 
2.73350-l 
2..17190-1 
2.57970-l 
2.97200-l 
3.39110-l 
7.39910-l 
6.97120-l 
5.02510-l 
2.85860-l 
2.00580-l 
3.47000-2 
3.96010-3 

0. 
0. 
0. 
0. 

-0.0025 

~-- 

1.3513 

- 

1.353 

_P 

5.91547 

_---_ 

3.65390 

-2.26157 

ENERGY IN 80’ 

Fig. 1 Comparison of total/unelastic Pb C.S. 

3. THE HIGH FiNEiRGY.NEUTRON BFANCIMARK 

A good tool for the analysis of the effect of cross 
section uncertainties on the dose rates is a so called 
"benchmark" configuration. 

It has a simple definition of source material, composi- 
tion and geometry to avoid unnecessary complexities of 
its analysis. Important characteristics of the real 
physical problem are, however, maintained so as to pro- 
vide adequate physical insight. The benchmark, which 
was defined by EIR, SIN and KFA, has an isotropic 
spherical neutron source of 300 - 400 MeV of 10 cm 
diameter in an iron sphere of 10 m diameter. Spectra 

and dose rates were calculated by Sl6/2.5 cm - mesh 

sizes. The source was normalized to 1 n/cm3 sec.MeV. 
From the dose rates curves of Fig. 3 the relaxation 

lengths and the dose build-up factors were determined. 

Fig. 2 

RxrdMeV) 

100 

Comparison of HILO-, LANL- and Barn 
Book data for total/nonelastic Fe C.S. 

I , , I 
0. 100.00 200.08 300 

DISltwi 
80 400 00 5 .ez 
mm CEWER tcn1 

FIG.3 W=cCE DEPE?KYBJl DOSE RRTES AN0 DlFFERDlT C. S. 
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Equivalent and absorbed dose rates were limited to 
neutron energies above 15 MeV (Fig. 31, because they 
are the dominant contributions to the surface dose 
rate in a shield, which also includes concrete. From 

the spatial dose distribution relaxation lengths A 
(Table 3) and dose build-up factors were derived 
(Fig. k), which are useful for hand calculations. 

The main conclusions are: 

a. LANL C.S. show less attenuation than the HILO C.S. 

b 

as it was concluded from the differences in their 
total C.S. (Fig. 1). The LANL C.S. give about a 
factor of 2 - 3 higher equivalent dose rates for 
penetration depths between 2 and 5 m. 

Absorbed dose is a factor of 5 lower than the equi- 
valent dose through the whole shield thickness. 
However the energy dependences of the dose con- 
version factors are different. Therefore the 
spectral changes are small and the absorbed dose 
can be easily estimated from the equivalent dose. 

Table 3: Relaxation lengths h for 300 - 400 MeV neu- 
trons in iron 

Reference 
Penetration depth x 

cm cm 
_' 

10 - 200 18.4 
HILO 200 - 300 17.8 

300 - 500 17.3 

LANL 10 - 500 'L 19. 

( 10) 100 - 17. 

The relaxation length found with the HILO calcula- 
tions is due to the space dependent build-up of 
scattered neutrons in the broad energy interval1 
of 100 MeV. No equilibrium above 60 MeV is reached 
after 2 m iron thickness. The LANL value of X 
is constant and close to the value calculated in 
the HILO for the first 2 m. sor greater penetra- 
tion depth the HILO value gets smaller and approa- 
ches that of 17 cmlo. 

Including the full spectrum above 15 MeV X gets 
larger: 19.6 and 20.3 in the case of HILO and LANL 
respectively. The values are near to X = 22 cm 

The comparison of these results with Monte Carlo 
calculations performed by Atchison at SIN and with 
coupled Monte Carlo/S,-calculations by Schaal et al. 
at KFA are underway. Finally the difference in the 
surface dose rates calculated by both libraries is 
relatively small, with respect to the deep penetra- 

tion thickness of 5 m iron or 25 - 30 relaxtion 
lengths. The greater A of LANL calculations is 
compensated to some extent by lower build up factor 

values. Relaxation lengths of the HILO calculation 

approaches published values. Therefore both libra- 
ries may be recommended for deep penetration pro- 
blems in iron. 

4. THE HETEROGENEOUS IRON/CONCRETE BULK SHIELD 

Behind an iron shield thickness of 4 - 5 m the neutrons 
scattered below 15 MeV contribute more than 90% to 
the dose rate. This contribution may be eliminated by 
inclusion of concrete. 

As a rule of thumb about l/4 of the iron thickness is 
added from a rough balance between size and cost. 

A first estimate for the bulk shield of the SINQ12 in- 
dicated 3.9 m iron and 1 m of concrete would reduce 

the dose rate at the outer radius of 6 m to 0.25 mrem/ 
h-mA (The inner radius of the iron shield is .l m to 

contain the heavy water tank)..Using the same method as 
in the benchmark analysis' above this configurations 
has been examined for the importance of the source 
neutron energy with respect to the outer dose rate. 

CMEVl 
Fig. 5 Measured 90‘source spectrum and its importance 

^ _ 
obtained by extrapolation back to 400 MeV the values function for surface dose rate. 

quoted in reference 9. 

The build-up factor increases with depth to a value 
of about 100. The build-up factor taken in conjunc- 

This can be done either by series of direct calculations 

tion with the relaxation length determines comple- 
with different monoenergetic sources or in a more 

tely the dose rate greater penetrations depths. 
economic way by one adjoint calculation with the dose 

The HILO library gives 3 x higher values than LANL. 
rate response as source. The importance is defined as 

The contribution of neutrons between 15 and 50 MeV 
the dose rate per source neutron and unit lethargy. 

to the dose rate is only about 30%. 
This together with the source spectrum is shown in Fig.5. 



I 

- 125 - 

By folding both quantities, the outer dose rate can be 
calculated, The importance decreases with decreasing 
energy. Source neutrons below 50 MeV make only a very 
small contribution to the dose rate. 

As the neutrons above 100 MeV are of primary importance 
direct calculations were performed with three different 
source energies to obtain more spectral information 
within the shield. The spectral shapes were all very 
similar below 100 MeV. Dose rates from the direct and 

the adjoint calculations are compared in Table 4. 
They agree within 25% or better, which.shows the 
sufficient quality of the numerical approximation. 

Table 4 
Outer dose rate at a cast iron/normal concrete shield. 
Source diameter: 20 cm. 

Calculation 
type 

Source 
1 n/cm3- seca MeV 

[Me VI 

Dose rate 
[mrem/h:l 

adj. 
dir. 375 - 400 

6.8 - 11”) 
6.5 - 11 

adj . 1.8 - 11 
- dir. 250 275 1.8 - 11 

adj . 100 - 110 
2.1 - 14 

dir. 1.7 - 14 

X)10 -11 = _ 11 

To check the bulk shield estimates direct and adjoint 
transport calculations were repeated with 90’ source 
spectrum measured by 
source strength l4 of 

Cierjacks et al.13 and a total 

8.6 . 1016 n/set mA. 

The dose rates at the surface of the shield were cal- 
culated to 

(adjoint): 0.226 ) mrem,h,ti 
(direct): 0.234 1 

which are in excellent agreement. The rule of thumb 
estimate gave 3.9 m or 30 tons/m2 iron. Our calcula- 
tion assumed 4 m or 29 tons/m2 cast iron (p = 7.15 
to/m3). Hence the iron shield thickness is overesti- 
mated by 1 relaxation length (A = 17 cm) with respect 
to the more sophisticated calculations. However we 
compared pure iron to cast iron, where the C and Si 
content may have implications for the attenuation 
characteristics. The spatial dose distriburion is 
shown in Fig. 6. The gamma dose contribution is 
neglegible. 

Fig. 7 illustrates the efficient elimination of neutrons 
below 10 MeV with increasing concrete depth. The 
spectrum shifts to higher energies. Therefore the 
gradient of the dose rate is the steepest in the first 
20 cm of concrete (Fig. 6). 

For more than 50 cm concrete depth the gradient gets 
much less steep than in the iron: Therefore the effec- 
tive concrete thickness is at least about 30 cm. If 
the remaining 70% are replaced by an equivalent thick- 
ness of 20 cm iron, the overall shield thickness is 
reduced by 10% to 4.5m. 

F I G .6 SPRCE OEPE%%i”%% ‘kf ES 

Icrnl of Fe./Conc. 

Fig. 7 Space dependent neutron spectra 
through the bulk shield 
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The main conclusions for the bulk shield design of 
the SINQ are: 

a. 

b. 

Only neutrons above 100 MeV are important. 

Adjoint calculation are economic and sufficiently 
precise. 

c. The rule of thumb seems to overestimate the iron 
shield thickness by only one A with respect to 

the more sophisticated transport calculations. 

d. From the shielding point of view the thickness of 

an effective concrete layer at the surface of an 

bulk iron shield is 30 cm. The result should be 
relatively insensitive to the thickness of iron. 
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suitable, well-placed diagnostics in the beamlines and 
the storage ring that are connected into the control 
system. These diagnostics present extra challenges 
to the software designers because invariably they are 
more complex than power supplies, vacuum systems, etc. 
TCI.. rrr...r..l I.312 ,.C ,Li.. __I^_ _.1,1 _.---:-- *I-:_ _____I llle ~IZCIVII" 11cI.11 "I c1115 paper WI I I rlanllnt! WIS aspecr 
in more detail. 

For many reasons, CAMAC was chosen as the inter- 
face system between the computers and microprocessors 
of the control system and the equipment of the PSR. 
This is also an excellent choice for the diagnostics 
because of the wide range of suitable CAMAC plug-ins 
available on the market. Nothing in the design of the 
software or hardware of the system precludes the use 
of other interfacing systems, for example, IEEE 488, 
where appropriate. A recent analysis of the software 
overhead, hardware costs, and performance showed that, 
given the communications needs of the system, a serial 
CAMAC system was the best choice for the comnunica- 
tions between the VAX 11/750 and the LSI 11/23's. 

Detailed Hardware Description 

Figure 2 shows schematically the hardware of the 
system, which is located in several buildings. The 
computer-related items on the two operator consoles 
are six color-graphics displays with touch screens, 
twelve computer-assignable knobs, and a conventional 
computer terminal. The remainder of the console is 
taken up-%ith oscilloscopes, TV monitors, and other 
dedicated instrumentation. Although the touch screens 
and color-graphics systems are conmiercial products 
interfaced to the VAX 11/750 Unibus, the programnable 
knob units are being constructed in-house and are 
interfaced through CAMAC modules. These devices make 
,,,, +hfi main ha..A,.,a..a nC the nn~rn+l\r inCnrC.ra a.liCL "I .,I._ .,.".I. .lYl ""Ul s "I uys, UC", 111s.51 tab.= "lb,, 

the control system. 
arranged to form two 
bay alarm console. 

The console consists of ten bays 
operator consoles and one single- 

TOPSR 
PASSIYE 

EOUKMENl 

l PSR ACTIVE 
l DlAGNOSTlCDEVlCES 

c1_ 
r1g. 2. _L_ _. -.._11 __,?A _.. L.. L___ one "verait sortware nas ueen broken down into a 

PSR Control system hardware. number of modules, each having a well-defined function 

The CAMAC driver on the VAX is a powerful inter- 
face with extensive direct-memory access (DMA) facil- 
ities, and it has a software driver under VMS, the VAX 
operating system. As can be seen in Fig. 2, the seri- 
al highway from the VAX 11/750 controls the CAMAC 
_._I__ 
crates in which are mounted the LSi iii23 micro- 
processors. One component of the LSI 11/23 system is 
a module that gives CAMAC access to the Q-bus of the 
LSI 11/23. It is this module and the DMA facilities 
of the CAMAC driver that allow the VAX 11/750 to keep 
databases up to date with minimum VAX software over- 
head and almost no LSI 11/23 software overhead. Both 
processors also are able to interrupt the other by 
CAMAC Look-at-Me (LAM) interrupts. 

There are five such LSI 11/23's planned, includ- 
ing one for development, and each will have a serial 
highway of its own to connect its CAMAC crates. These 
crates hold the CAMAC plug-ins that connect to the 
equipment of the designated area for the LSI 11/23. A 
watchdog system in each LSI 11/23 crate will ensure 
that if a fault occurs in the LSI 11/23, the run 
permit for the PSR will be dropped within 1 s. The 
LSI 11/23 and.its associated CAMAC system is termed 
an Instrumentation Sub-system (ISS); the "PSR Passive" 
ISS is the shaded area in Fig. 2. 

Presently, there is one LSI 11/23 allocated to 
act as the "Diagnostics" ISS. However, some diagnos- 
tic devices are better placed on the CAMAC serial 
highway of the VAX and controlled directly by the VAX. 
Another diagnostic is in fact controlled by an 8085 
microprocessor, and this communicates directly with 
the VAX like any ISS. 

Data in the System 

Tn l ha rr\n+..n, r..r+nm . 
111 c11.z CVIIbI “I aJ>CS”t, data ex:;t :;i one “I nC fol;y 

forms. Binary data are used to represent two-valued 
inputs and outputs, such as on or off. Analogue 
integer data represent I/O values that are covered by 
an integer in the range -32 000 to +32 000. Analogue 
real data are used for all other single-valued chan- 
nels. Finally, analogue vector channels are used 
where an array of integers is required, for example, 
to specify a waveform. Each of these forms can be in 
a number of different types: 

. Interface units--the value in primary SI 
units at the front panel of the CAMAC or 
IEEE 488 unit. 

. Hardware units--the bit pattern read or writ- 
ten across the I/O bus. 

. I/O units--hardware units modified to'a legal 
PDP/ll and VAX/11 data type (the form in 
which data are stored in the run-time data- 
base). 

l Engineering units--value in meaningful units 
to an operator; for example, pounds per 
square inch, amperes, degrees Celsius. 

. Physics units--value converted to a higher 
level unit that in some cases is a more mean- 
ingful indication of the physics of the proc- 
ess; for example, tesla. 

. Process units--high-level units that cannot 
directly translate to a single I/O channel, 
for example, tune. 

Not shown on the diagram of the software, Fig. 3, 
is that the conversion between I/O units and engineer- 
ing or physics units is carried out by a conversion 
module. This module has coded into it the various 
required algorithms and has access to the run-time 
database to obtain the parameters needed for each 
conversion. 

Detailed Software Description 
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Fig. 3. 
PSR control system software. 

and a clear interface to the rest of the system. In 
fact, the modularity of the software reflects that of 
the hardware, allowing ease and flexibility in making 
changes. The modules are defined so that 

. one or more modules make up a program or 
task; 

. ideally, each module should be less than one 
month's work to code and test; and 

. the intermodule interface is chosen to iso- 
late future chanaes. 

The first step was to isolate in a single data- 
base all information that relates to the individual 
equipment and its associated channels. The informa- 
tion in this database is held in an ASCII file estab- 
lished and maintained using a DEC product, DATATRIEVE. 
DATATRIEVE allows easy maintenance of a database and 
easy-to-use sorting of the data and report writing. 

From this database is generated a machine effi- 
cient, run-time Control (COOL) database. It is this 
database that exms liimain memory of the VAX 11/75D 
and the LSI 11/23's, and that which the programs 
reference. As an example, the address of a CAMAC 
plug-in will take several ASCII characters in separate 
fields in the ASCII database from which the run-time 
database generation program will produce packed binary 
addresses. The format of the packed address will be 
defined by the CAMAC coupler, so that it can be used 
directly at run-time. The run-time database genera- 
tion also will produce any data tables required by 
individual programs or tasks. Thus the generation of 
a new database will at least mean relinking much of 
the system. 

Figure 3 shows schematically the system's soft- 
ware layers. Generally, the LSI 11/23's act as intel- 
ligent I/O controllers to the VAX 11/750, enabling the 
VAX 11/750 to carry out operator-requested functions. 

At the center of the VAX 11/750 software is the 
COOL database that is referenced through access rou- 
tines to isolate the detailed structure of the data- 
base. On top of the access routines come all the 
other modules of the system. 

The Command Module is responsible for the inter- 
action with the operator to assign knobs or start 
specific operator-interaction programs. It is also 
responsible for keeping track of console resources. 
This is the module that comes UD first at the console 
when the system is started. 

The Knob Module is responsible for acceptina knob 1 _-..A _-II__ iL_ :_._.._ assignments, taking knob input, and making me cort-r- 
soondina chanaes in the COOL database. It also main- 
tains the one--line display on the knob unit. 

The*Alarm Module is resDonsible for maintainina 
the alarm screen and the log of significant events: 
Each channel. soft or hard. will have three sets of 
limits associated with it. Warning and alarm limits 
are self-explanatory, but the log-by-exception limits 
are less clear; These define a delta so ihat when an 
input channel is more than this delta from its last 
logged value, the new value is logged with the time 
and date. For control channels, these data are maxi- 
mum range, normal range, and maximum rate of change. 

The Data Miarator ensures that the varvina data 
and the flags thit indicate changes are kept &rent 
between the VAX 11/750 and the individual LSI 11/23's. 
For this the CAMAC system is used as described above. 

Although all the above are single modules, the 
Process Modules are many and varied. It is here that 
the expansion takes place, and the system is tailored 
to the particular needs of the PSR. Selected Process 
Modules are started by the Command Module on the 
request of the operator. The running Process Modules 
have full access to the graphics devices on the con- 
sole and the COOL database, which includes the last 
inputs from the touch screens. Thus they have full 
information on the state of of the PSR and full con- 
trol of the PSR equipment. It is in the Process 
Modules that the flexibility of the system exists. 

The next laver of the software is the operatina 
system, VAX/VMS,-through which goes all communication 
with the real world. For this purpose, VAX/VMS 
includes the I/O drivers added for CAMAC and the 
Lexidata color-graphics system. 

Finallv comes the Operator Interaction and CAMAC 
communications layer, which represents the main func- 
tions of the VAX 11/750. 

There are two fundamental differences between the 
VAX 11/750 software layout and the LSI 11/23 software 
layout. The first is that the RSX 11s operating sys- 
tem is used only for task management and not for I/O 
management. This gives rise to the double-centered 
representation of the software. The second difference 
is'that, as shown, the VAX 11/750 has direct access to 
the LSI 11/23 COOL database. This is a simplification 
in some respects, because the VAX 11/750 Data Migrator 
has control access to the Data Migrator in the 
LSI 11/23 to ensure that the LSI 11/23 takes action 
on the-changed data. 

Input channels are handled differently from out- 
out channels bv the ISS. Two software modules. the 
LAM Module and the Hardware Reader, are responsible 
for ensuring that the COOL database input-channel data 
in the ISS are up-to-date. The LAM Module does this 
for I/O plug-ins that are interrupt or LAM based, 
whereas the-Hardware Reader does the updates on a 
timed basis. All the other software modules access 
input data from the COOL database. 
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The Surveillance Module is responsible for check- 
ing input data against specified limits and reporting 
exceptions to the Alarm Module in the VAX 11/750 
through the COOL database. 

All changes to be made to equipment parameters 
must be made through an Equipment Module, which is a 
separate program for each set of equipment. This 
module can check input channels in the COOL database 
and apply the change in a manner specific to that 
equipment. This allows checks to be programned into 
the system to ensure safe and correct operation. The 
Equipment Module also implements soft channels. These 
channels do not relate directly to a sinqle hardware 
channel, but to two or more channels in- a specific 
way. A simple example miqht be the on-off control of 
an-equipment where a singie soft on-off channel might 
be translated by the equipment module into a pulse 
output on one of two binary output channels. 

All access to the I/O plug-ins by the LSI 11/23's 
is through the Hardware modules and the Interface 
Modules. -These modules are designed to hide the dif- 
ferences between, for example, I/O plug-ins of similar 
function but different detailed design. Thus the code 
in an Equipment Module need only reflect the type of 
I/O, not the details of the actual I/O plug-in used. 
The Hardware Module also has no need to know the 
details of how the I/O bus is connected to the com- 
puter, but rather it issues calls in terms of the I/O 
bus (CAMAC, IEEE 488 etc.) to the Interface Module 
that localizes the code reflecting the actual connec- 
tion of these buses. To illustrate: if a pair of 
wires bringing a 0- to 10-V signal to a CAMAC plug-in 
were to be moved to a similar IEEE 488 unit, all that 
would need changing would be the run-time database. 

Diagnostics Interfacing for the PSR 

Beam-Position-Monitor System 

This system has already been described in some 
detail elsewhere.' It consists of a large number 
of detection units with an rf multiplexer system to 
select the unit of interest. The output of the multi- 
plexer is then processed by rf signal-processing elec- 
tronics that provides an X- and Y-position signal to 
two fast analogue-to-digital converters as well as a 
beam-present signal. Some further linearization of 
the signal is then required before the two X- and 
Y-positions of the centroid of the beam are obtained. 

The detectors used consist of four pickup plates 
equispaced around and just inside the beam pipe. As 
such, they do not intercept the beam and so give a 
nondestructive read-out of the beam position. 

To control the timing and sequencing of data 
acauisition and take account of the operating modes 
of 'the PSR, a microprocessor system has been-imple- 
mented based on an Intel 8085. This has two control 
ports. One is an RS 232 port that allows an exerciser 
to operate the system locally for initial setup and 
trouble-shooting. The second port is a 16-bit paral- 
lel port connected to the VAX 11/750 computer. This 
second port is implemented with commercial 16-bit FIFO 
I/O CAMAC units. In addition, there are separate sig- 
nals to allow the 8085 to interrupt the VAX to indi- 
cate that there is a message in the input FIFO and to 
allow the VAX to initialize the 8085. Thus, rather 
like the LSI-11/23's, the comunications are CAMAC 
based although they are message orientated. The 8085 
therefore can be looked on as a single-purpose ISS as 
far as the hardware is concerned. 

When it comes to the software, the Process Module 
that is called by the operator to handle the beam- 
position-monitor system communicates directly with the 
system through the CAMAC driver in the VA%. Messages 
have been defined that cause the 8085 to set the vari- 
ous delays and multiplexers and collect position data. 

When all the requested data are collected, the 8085 
places a message in the input FIFO and sets a CAMAC 
LAM so that the Process Module in the VAX will be 
started, will read the data, and will present it to 
the operator. 

The high speed of the ADC's allows the collection 
If a large amount of data from a single detector dur- 
ing one -cycle of the PSR. However, the delays 
involved in resetting the multiplexers and the asso- 
ciated delay settings preclude .taking data for more 
than one detector in a single cycle, an,d thus some of 
the commands to the system can take from a consider- 
able fraction of a second to several seconds to com- 
plete, depending on the repetition rate of the PSR as 
well as on the actual command. 

The current status of the beam-position-monitor 
system is that the final details of the timing and the 
VAX interface are being worked on, and it will then be 
ready for installation. 

Beam-Profile Monitors - Harps 

The harp units consist of an X-Y grid of wires 
that is placed in the beam-transport lines. The cur- 
rent on each wire is proportional to the inteqrated 
intensity of the beam aiong the wire. Thus, measuring 
the charae collected in one cvcle of the PSR on all 
the wires gives an X- and Y-profile of the beam. The 
resolution of this profile depends on the spacing of 
the wires, and the sensitivity depends on the thick- 
ness of the wires and the noise in the electronics. 

The harps will perturb the beam, especially in 
the injection line where they will cause the beam to 
be partially stripped from H- to protons. For this 
reason, the harps are introduced into the beam only 
when a measurement is needed. In the storage ring 
itself, the high circulating charge precludes the use 
of harps. 

The read-out of harp wires will be by specially 
constructed multiolexers. The inout staae of the 
multiplexers has 'a sufficiently high impedance that 
over a cycle of the PSR it will integrate the accumu- 
lated charge. After a cycle of the PSR, the multi- 
plexers will cycle through the 32 X and 32 Y wires and 
provide an output voltage and trigger pulse for an ADC 
to digitize the beam profile. This ADC will be oper- 
ated by the diagnostics ISS and the results will be 
migrated to the VAX in the normal way. In this case, 
cotmnands to insert a harp, make a measurement, adjust 
the gains of the ADC, etc, will be normal output or 
control channels to the ISS. 

Loss Monitors 

These monitors are designed to study the beam 
spill at various positions along the transport lines 
and storage ring. The actual monitors are mounted on 
the walls of the tunnel and consist of l-pint cans 
filled with Nuclear Enterprises scintillator 235A 
viewed by an RCA 4552 phototube. The amplifier elec- 
tronics has two outputs. The first allows the loss 
to be seen on an oscilloscope as a function of time 
and the second is connected to a gated analogue to 
digital converter so that the loss as a function of 
time can be recorded by the Control System. This will 
be done by the diagnostics ISS and the result then is 
migrated to the VAX in the normal way. 

Activation Protection Monitors 

These monitors are the same as the Loss Monitors 
but the electronics differ. The ampli'fiers have a 
longer time constant than the Loss Monitors and the 
output is compared with a preset trip level. If the 
level is exceeded, the output will activate a fast- 
protect system so as to either stop injection or 



rapidly dump the stored beam, depending on the time 
and location of the trip. The fast-protect system is 
quite separate from the control system, although the 
control system is able to read out the inputs that 
caused a fast-protect trip. Each new cycle of LAMPF 
and the PSR will attempt to reset fast protect. The 
Activation Protection electronics provides a dc output 
that is proportional to the average loss expressed'as 
a percentaqe of the trip level. The Activation Pro- 
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tection monitors are used to regulate the spill budget 
of the facility. As such, each monitor will be set to 
a trip level appropriate to its location. 

Phosphor Screen 

One insertable phosphor screen will be installed 
in the region downstream of the injection-line strip- 
per magnet before the injection point. At this point, 
the beam is a neutral hydrogen atom beam. Read-out of 
the phosphor screen is by a television camera, and 
thus no read-out to the control system is planned. 
The screen will be inserted by conand from the con- 
trol system, however. 

Energy Measurement 

The energy acceptance range of the PSR, Aplp, 
is less than about O.l%, requiring stabilization of 
the energy of the beam from LAMPF. At 800 MeV, the 
protons and H- ions are' not fully relativistic, 
traveling at about 0.8 c; thus, a time-of-flight 
measurement can be used to determine the energy. This 
requires two pickups with a time measurement made as a 
bunch traverses between them. A fliqht oath between 
the pickups of about 100 m is needed,' assuming a 
lOO-ps time resolution. Quite standard commercial 
CAMAC units are able to achieve this; therefore, the 
energy measurement in this case would be a simple 
input channel on the diagnostics ISS. Another 
approach being studied is to partially strip the beam 
with a laser. The stripped electrons have an energy 
of about 0.5 MeV and can be deflected out of the beam 
and energy analyzed with an electrostatic analyzer. 
This approach is somewhat more complex but it does not 
rely on the bunch structure of the beam. 

The last approach for measuring the energy is to 
use the injection line and/or the storage ring as a 
magnetic spectrometer. In this case, existing beam- 
position-monitor detectors provide the read-out. 

The present beam from LAMPF has no stringent 
requirement on absolute energy. On the short term, it 
has been observed to vary by 0.5 MeV from its nominal 
800 MeV. This variation is within the acceptance of 
the PSR, but closer control is desirable. Long-term 
variations of up to 10 MeV have been seen, and clearly 
these are outside the acceotable limits. One solution 
to reduce the fluctuations' is by controlling the phase 
of the last rf tank of LAMPF. This would be a feed- 
back loop from the energy measurement through the 
diagnostics ISS. 

Quadrupole Moment Detector 

The quadrupole moment detector uses the same 
design of pickup as the beam-position-monitor system, 
but processes the signal in a different way to gener- 
ate the X- and Y-widths of the beam, which then give 
the quadrupole moment. The pickup will be placed in 
a straight section of the ring rather than inside the 
quadrupoles as are the position-monitor pickups in the 
ring. The output voltage of the pickups will be read 
by a gated ADC attached to the CAMAC system of the 
diagnostics ISS. The result is a single-valued chan- 
nel migrated to the VAX in the normal way. 

Frequency Monitor 

The frequency monitor in the ring consists of a 
simple pickup inside the pipe with a fast spectrum 
analyzer to analyze the signal detected. As-the spec- 
trum changes with time, a real-time spectrum analyzer 
is required. The signal can be observed simply with 
the CRT of the analyzer, but the system is much more 
versatile if the frequency spectrum is read into the 
control svstem. This will allow readinq the spectrum 
as a funciion of time as well as further processing of 
the information. As with the beam-position-monitor 
system, such an instrument will be connected directly 
to the VAX. 

Satellite Detector 

The chopper's function is to prepare the time 
structure of the H- beam to be accelerated by the 
linac so that it suits the particular operating mode 
of the WNR/PSR facility. Satellites are defined as 
bunches or parts of bunches appearing before or after 
the desired bunch. They could arise if the chopper 
does not deflect the beam sufficiently or if it is 
incorrectly phased. Thus, a satellite detection sys- 
tem is essential to adjust the chopper. The satellite 
detector consists of a foil that can be inserted into 
the beam in the transport line between the end of 
LAMPF and the storage ring. The flash of Y-rays is 
recorded with a fast detector as a function of time to 
obtain the time structure of the injected beam with 
respect to the chopper frequency. A time-to-digital 
converter in the ISS CAMAC will be used to store the 
information in the control system. 

Ring Profile Monitor 

For a ring profile monitor, two ideas are cur- 
rently being discussed, but so far no actual design 
or construction has been started. 

One idea is to have a gas curtain across the 
beam. The interaction of the protons with the gas 
will produce electrons in proportion to the proton 
density. These electrons then can be imaged, using 
suitable electrostatic or magnetic lenses, into a two- 
dimensional detector. The distortion of the image due 
to the potential well of the proton beam means that 
further processing is necessary to reconstruct the 
true profile. 

The second idea is to pass a wire rapidly through 
the beam, collecting the current on the fly. 

Both of these ideas need considerable development 
and they are unlikely to be available for some time. 

Current Monitors 

These will be ferrite toroids with the beam act- 
ing as the primary winding. The secondary winding 
will have about 100 turns, the output of which is then 
amplified and passed through a voltage-to-frequency 
converter. A gated scaler as part of the diagnostics 
ISS will then measure the beam charge for the gate 
period. The injection line current monitors will be 
an existing LAMPF design. The ring monitor cannot be 
highly inductive and so a wall current monitor will 
need to be developed. For the extraction line, the 
behavior of the LAMPF monitor needs to be investigated 
for peak currents of up to 46 A. 

Conclusion 

The basic design philosophy for the PSR control 
system has been presented, together with those aspects 
specific to the diagnostics of the PSR. Each of the 
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diagnostics currently being considered or implemented 
has been briefly described, together with the planned 
implementation of the interface to the control system 
where aoorooriate. The development of the diagnostics 
for the'PSd is limited by resources but is driven by 
the need to understand the operation of the machine in 
order to reach full design-current. First beam for 
the PSR is scheduled for April 1, 1985 with a tune-up 
period of about 18 months to full current. 
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Introduction 

The Proton Storage Ring (PSR) is a major addition 
to the Weapons Neutron Research Facility (WNR) at 
LAMPF. It will act as a bunch compressor for the 
relatively long linac macropulses from LAMPF, tailor- 
ing them into short, intense pulses ideally suited for 
neutron-scattering research. This paper concentrates 
on the methods used to form these pulses before 
injection.into the linac, to multiplex the PSR beam 
with other LAMPF users, and to synchronize the storage 
ring with pulse arrival time at injection and with the 
WNR mechanical neutron chopper at extraction. 

WNR Pulse Characteristics 

To understand the pulse structure required by the 
PSR, it is useful to begin with the operation of WNR 
in its present configuration. The LAMPF accelerator 
produces 800-MeV proton beams with a 750-us-long 
macropulse structure at a 120-Hz repetition rate. 
Within the macropulses are many 200-MHz micropulses, 
each containing 3-5 x 108 protons. WNR operates in 
one of two modes, micropulse or microsecond. 

For high-energy neutron work, single micropulses 
at a minimum spacing of 1 us throughout an entire 
macropulse are selected. Thus, this is a low- 
intensity mode, wasting the capability of the LAMPF 
accelerator during that macropulse. Furthermore, 
because other LAMPF users must be satisfied, only one 
macropulse in ten can be diverted to WNR, resulting 
in a maximum 12-Hz overall rate. As Fig. 1 depicts 
graphically, this combination provides very narrow 
pulses but with low peak intensity and only about 
0.25~uA average current. 

For slow-neutron (thermal and epithermal) work, 
much longer pulses can be used, up to 10 us in 
length, and these are taken at the end of each LAMPF 
macropulse. To maintain high average intensity, both 
the pulse width and the repetition rate must be higher 
than desired for many experiments. A typical 
5-us-long pulse, as depicted in Fig. 1, contains 
1000 micropulses and gives an integrated intensity of 
5 x 1011 protons/pulse for an average current of 
about 10 uA. 

PSR Pulse Characteristics 

The PSR will remove the limitations imposed by 
compromise between intensity and resolution, convert- 
ing much more of the LAMPF beam to pulses suitable for 
neutron work without seriously impacting other LAMPF 
users. It operates both as a pulse compressor, 
squeezing the 750~us-long LAMPF pulses into much 
shorter ones (270 ns), and as an accumulator and 
repetition-rate shifter, accepting pulses at the 
normal LAMPF rate of 120 Hz and ejecting them at 
720 Hz. It accomplishes these operations with a 
significant gain in time-averaged beam intensity. 

Figure 1 depicts graphically the gain in integrat- 
ed protons/pulse for the two operating modes of PSR 
compared with the two WNR modes discussed earlier. 
The short bunch (SB) mode, shown on the left, will 
replace the existing WNR micropulse mode for high- 
energy neutron applications. In this mode, protons 
are accumulated in six equally spaced 1-ns bunches 

*Work supported by US Department of Energy. 
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Fig. 1 
Comparison of WNR and WNR/PSR pulse characteristics 
for the two modes of operation. On the left (nano- 
second time scale) is the SB mode used for high-energy 
nuclear physics experiments and on the right (micro- 
second time scale) is the LB mode used for slow- 
neutron scattering experiments. The peaks are sche- 
matic representations of the important parameters for 
neutron production: integrated protons per pulse 
versus pulse width. Overall repetition rates and 
average beam currents for these operational modes are 
indicated in the labeled boxes. 

during the last 108 ps of each LAMPF macropulse. The 
LAMPF beam is modified during this injection period 
by a chopper buncher system in the low-energy linac 
transport to form a sequence of pulses spaced at 
60-ns intervals. The ring circulation period is 
synchronized with this incoming pulse train so that 
300 micropulses are accumulated in each of the six 
ring bunches. The I-ns bunch width is maintained 
during accumulation and storage by a 503-MHz buncher 
system in the ring. Individual bunch extraction takes 
place between LAMPF injection cycles at a constant 
720-Hz rate. Each bunch contains 1 x 1011 protons, 
yielding an average current in the SB mode of x 12 uA. 



ine long-ouncn \~a) mode, shown on the right in 
Fig. 1, replaces the WNR microsecond mode for low- 
energy neutron applications. Here the gains are even 
more dramatic as the bunch width is decreased to 
270 ns, the protons/pulse is increased to 5 x 1013, 
the repetition rate is lowered to 12 Hz, and the 
average current is increased to about 100 uA. For 
this PSR mode, one out of ten LAMPF macropulses are 
chopped at the injector into 270-ns-long segments at 
a 360-ns period, synchronous with the ring circulation 
period. The entire macropulse is accumulated by the 
PSR into a 270-ns-long pulse with a 46-A peak circu- 
lating current. The pulse width is maintained by a 
2.8-MHz harmonic buncher in the ring, and the pulse 
is extracted about 100 us after injection is 
complete. 

PSR Control Sumnary 

It is clear that PSR operation places new require- 
ments on beam preparation and transport at LAMPF, 
including synchronization and timing aspects that are 
crucial to successful operation. Figure 2 is a 
schematic of the accelerator, storage ring, and WNR 
target area showing major components that affect PSR 
operation. Here I will mention only briefly these 
components, with more detailed descriptions of some 
of the active components to follow. 

The injection scheme for PSR requires H- beam 
produced in a new, intense H- source at LAMPF. The 
beam is chopped and bunched in the Tow-energy trans- 
port line, accelerated to 800 MeV in the linac, kicked 
into Line 0 in the LAMPF switchyard, and bent into the 
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^^^ . . 
P3K injection Tine where it is magneticaiiy stripped 
to neutral atoms just before entering the ring orbit. 
A foil stripper in the first section fully strips the 
beam to protons. A PSR injection kicker magnet and 
foil stripper in the Line D by-pass allow multiplexed 
operation between PSR and direct LAMPF beam for WNR. 
Thus the old modes of WNR operation can be provided 
to experimentors while PSR operates at a low duty 
cycle for tune up and machine physics tests. After 
accumulation of the pulse in PSR is complete, the 
bunches are kicked out by two extraction kickers.that 
perturb the orbit so that the pulse passes into the 
extraction septum magnet. The firing circuit for the 
extraction kicker allows synchronizing the target 
pulses with a WNR mechanical neutron chopper operating 
at 30000 rpm. 

Low-Energy Beam Chopper 

One of the keys to PSR operation is preparation 
of the pulse structure before the beam is accelerated 
so that incoming bunches are synchronized with the 
ring period and active bunchers in the ring. A 
traveling-wave beam chopper has been designed for the 
H- injector transport line to provide pulses not 
only for the two PSR modes,.but also for the existing 
WNR direct modes and other LAMPF users of H- beam. 
The design is a careful balance between several 
factors that influence chopping efficiency and state- 
of-the-art pulsed electronics capability. To achieve 
_1_._ . __1_-LZ__ ..I..L LI_L 2_*___1L.. 
clean micropulse selecciun wiLn nlgn ~n~enslry, a 
pulse rise time of ~5 ns is required, and the 
chopper must be coupled with a subharmonic prebuncher 

LINE h 

SWITCHYARD KICKER 

-805 MHz LINAC 

-201 MHz LINAC 

Fig. 2. 
Overview of the LAMPF/WNR facility showing how the PSR interacts with other LAMPF beams. New equipment at LAMPF 
being built for the PSR includes the intense H' source, the chopper, and the switchyard kicker magnet. The 
injection kicker allows beam to be multiplexed between PSR and WNR-direct during PSR tune-up. A tune-up beam 
dump under the PSR extraction line can receive up to 5-pA average beam. 
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to compress transmitted beam into the acceptance of 
LAMPF's 201-Mz bunching system. The beam optics of 
the newly designed H- transport system dictated 
20-mrad deflection as a minimum for complete separa- 
tion of the chopped beam, taking into account the 
expected 2n cm*mrad emittance from the ion source. 
For this deflection angle and for pulses of less than 
1 kV; a deflector %1-m long is reauired. The .-7--.--- 
750-keV ions travel at 1.2 cm/ns, taking about 80 ns . 
to traverse this distance. Therefore. a travelina- 
wave principle must be used, with the'deflecting Eulse 
longitudinal velocity matched to the beam velocity. 

-Figure 3 shows the coax-plate deflecting structure 
that we have designed for the chower. It uses flat 
plates on the structure's beam side soldered to and 
supported by short lengths of coaxial cable that 
connect adjacent plates across the back of the ground 
plane. The lengths of the cables are adjusted to 
match pulse propagation to beam velocity. The plate 
width and spacing thus can be chosen to give the best 
compromise between efficiency and coupling. Because 
the coaxial cable provides most of the path length, 
deleterious effects from mismatch at the corners are 
avoided, as well as coupling between turns on the 
structure's back. The shape of the plates and their 
spacina from the around Plane are adiusted emoirical- 
1;. orovidina 50-5 imoedance with minimum oer'turba- 
t?on'at the coaxial-cable transition. Individual 
plate replacement is accomplished easily without 
disturbing the rest of the structure. 

The thickness of the Plates influences olate-to- 
plate coupling; therefore; we used 0.4~mm-thick spring 
steel for desirable stiffness, with copper plating for 
better conductivity. We can thus maximize efficiency 
by making the plates 7.9 mm wide on a 10.2~mm center- 
to-center spacing for a 78% aspect ratio and a 94% 
calculated dc efficiency. The chopper's bandwidth 

with an assumed spacing of 2.8 cm between deflecting 
structures is 2200 MHz. 

Two power amplifiers (positive output and negative 
output) with the following characteristics are 
required for driving the deflection structures. 

Rise and fall times (5 ns 
Voltage output into 50 Q a600 V 
Pulse width cl5 ns to ? ! !!!S 
Duty factor 10% maximum 
Time jitter ~1 ns 

An amplifier configuration using eight paralleled 
planar triodes has been developed to meet these 
requirements. 

A paper' describing this development, including 
the POISSON calculation studies and laboratory 
measurements, was presented at the 1983 Particle 
Accelerator Conference in Santa Fe. Completion of the 
two power amplifiers, the deflecting structures, and 
the vacuum box is scheduled for completion in the 
spring of 1984. 

Switchyard Kicker Magnet 

The change from protons to H- beam for PSH/WNR 
has necessitated a complete redesign of the LAMPF 
switchyard area, where beams are directed into the 
major experimental areas, The oositive and neoative r----..- a----- 
beams, simultaneously accelerated by LAMPF, are first 
spatially separated by a vertical bending magnet. 
Low-intensity neqative beam is directed into Line X 
(nuclear phyiicsj while the chopped, high-intensity 
negative beam is bent into Line 0 (PSR/WNR) by a fast 
kicker magnet and a septum magnet.. 

In the SB mode of PSR operation, each macropulse 
is shared with other LAMPF H' users; therefore it 
is desirable to minimize the kicker rise time, during 
which time no beam can be transmitted (the,chopper 

Fig. 3 
Photograph of coax-plate traveling-wave deflection structure used in the beam chopper. This device, located in 
the H- linac injection line, must product a variety of pulse patterns with <5-ns rise time for both WNR and 
PSR beams. 
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!.a;?vides the oap required). A time of 40 us was 
osen as a reasonable compromise between beam 

ifficiency and driver capability. The magnetic field 
must be established and settled to within 0.3% during 
this period. 

The fast rise time, variable pulse length (100 to 
1000 us), high duty factor, and high degree of 
amplitude regulation required by the kicker magnet 
have determined the design. We have chosen a single- 
turn conductor, lumped-inductance ferrite magnet for 
the basic element, partly in order to use existing 
ferrite bricks and support equipment. However, to 
have the required current in the range of 2 kA where 
solid-state regulator circuits a,re applicable and at 
the same time keep the magnet inductance and peak 
voltage to low values, we chose to construct the 
kicker magnet in two identical sections with separate 
drivers. The mechanical construction of each section 
is a l-m-long stack of ferrite blocks with a E&cm- 
high by lo-cm-wide aperture. The unit has a caicu- 
lated inductance of 3 uH, and both sections together 
yield a 1.2" kick for 2-kA current. 

The modulator design uses a three-loop current 
driver to SUDP~V current to the kicker maqnet. The 
circuit uses'8 high-current transistor amplifier in 
conjunction with a dual pulse forming network (PFN) 
to establish, sustain, and regulate the required 
current wave. The transistor amplifier/regulator and 
the dual PFN energy store share in the overall current 
development; the amplifier supplies lo-15% of the 
total while the PFNs supply the remainder. Active 
feedback is used in the amplifier/regulator to 
deripple the PFN contribution and provide a constant 
current to the kicker during the required pulse 
interval. Adjustment of the pulse length is achieved 
bv a PFN line-lenath-chanaina circuit that couples 
appropriate sections of ttie FFN together through 
semiconductor switches. Kicker maqnetic-field level 
is set by adjusting the PFN charge-voltage and a 
reference voltage level supplied to the feedback 
circuit. 

PSR Extraction Kicker 

Once the injection cycle is complete, the extrac- 
tion process can begin. Long-bunch extraction takes 
place soon after injection at the same rate. Short- 
bunch extraction is at six times the injection rate 
and takes place at equal intervals throughout the 8.3 
ms between LAMPF .-,,,.I,.. Tkn rlr,-.r+_nlllrn ."#+.,-I~ ,-.c DCD LJLIcZ>. 111c Jll", l,_P"'>S III""S "I ran 
operation reouires the extraction of single l-us 
proton bunches from up to six bunches circulating at 
60-ns intervals in the rinq. This requires the kicker 
magnet to turn on and off quickly and-to turn off 
cleanly so as not to disrupt the remaining proton 
bunches. These requirements led to the choice of a 
kicker "magnet" that is a carefully terminated strip 
transmission line. For transverse electromagnetic 
waves, the pulse must propagate through the electrodes 
in the direction oppos'ite.to the beam-propagation so 
that the electric and magnetic forces deflect the beam 
in the same direction. - 

The pulse power supplies2 provide +45-kV 
IN1 ses to the plates with rise times of 30 ns (SB 
mode, 720 Hz) or 50 ns (LB mode, 12-24 Hz). For the 
LB mode, the pulse must be sustained for 300 ns with 
a flat-top specification of *l%. These power levels 
are obtained by resonant charging of an intermediate 
enerqy-store capacitor bank that is switched into a 
Blumiein PFN a few microseconds before extraction 
time. Discharge of the PFN into the load is through 
high-voltage thyratrons especially developed for this 
application. 

Extraction pulses must be synchronized within 1 ns 
of the circulating beam and, for the SB mode, must 
provide complete flexibility in the extraction 
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sequence. This will allow nonuniform loading of the 
bunches, extraction of alternate bunches to reduce 
instabilities, and possibly nonuniform extraction 
times for experimental purposes. For the LB mode, the 
circuit provides a 200~us window during which time 
a fire signal synchronized with the WNR mechanical 
chopper can extract the pulse, subject to the 360~us 
ring period. 

Timing and Synchronization 

The interaction with LAMPF is complicated by the 
many pulse-selection options required: 800-MeV or 
dual-energy LAMPF operation, PSR and/or WNR running 
in either of two basic modes with possible multiplex- 
ed operation, tune-up of PSR with reduced repetition 
rate and modified pulse structure, and simultaneous 
ChOoPino of H- beams for LAMPF experimenters when 
required. As indicated schematically in Fig. 4, the 
system is intimately connected with LAMPF timing, and 
ciose coordination js essential. 

A computer-to-computer link is envisioned to 
establish the basic mode requests between PSR and 
LAMPF operations. The LAMPF master timer then 
provides the appropriate timing gates as indicated in 
Fig. 4. Independently of these "slow" gates, PSR 
establishes the fast choooina oatterns throuqh CAMAC 
commands to the chopper cbnt;oi and pattern generator 
(CCPG) located in the LAMPF injector area near the 
H' chopper. These patterns are synchronized to the 
two basic PSR frequencies, 2.8 MHz and 16.7 MHz, which 
are transmitted by the frequency and synchronization 
generator (FSG) to the CCPG,.to the PSR master 
synchronization system,- and to a new low-frequency 
buncher (16.7 MHz) in the Ii- injection line. The 
patterns'are selected and multiplexed within the CCPG 
by the LAMPF master timer gates.and applied to the 
amplifiers driving the fast H- chopper. 

There are three levels of control that provide the 
needed flexibility: first, the frequency of the 
indicated gate patterns on a macropulse basis (for 
example 12 Hz for LB mode, 120 Hz for SB mode); 
second, the length of the gates that establish the PSR 
or WNR portion of the macropulse; and third, the 
synchronized pattern structure produced by the CCPG. 
Selection at all three levels will be provided at the 
PSR control console within boundaries established by 
LAMPF. 

Although the bunchers in the ring are synchronized 
fn l hn C>rn_ f..~n,,nnr+nc C" CIIG 3u111.Z fnr m,,1tin1,3.\ l,CPrl ifi pU!g ,,.Zqus,,r,=.X \"' 0,,u,l,,v,ya, "a.." 
selection, there is a phase uncertainty because of tne 
different transit times for the beam pulses and rf 
signals. The PSR master synchronization system will 
establish the correct phase relationship by comparing 
the arrival time of beam in the PSR injection line 
with the rf signals in the buncher cavities. Synchro- 
nized operations, such as position monitors and beam 
extraction, will derive their signals from these 
phase-locked reference frequencies. Slower opera- 
tions, such as turn on of the injection kicker magnet 
and start of orbit-bumper progranzning, will be gated 
by pulses from the PSR timing processor, which 
receives trigger pulses from the LAMPF master timer. 

Figure 5 displays the relation between LAMPF beam 
gates for a few macropulses in the two basic PSR 
modes. The patterns indicated in the figure on a 
nanosecond time scale are developed by the chopper for 
the two modes during the enable time determined by the 
gates. Low-intensity H- beam can be accelerated 
simultaneously with the high-intensity H+ beam from 
LAMPF. Thus the SB mode, in which only one out of 
twelve micropulses is admitted, does not impact meson 
production in Area A. However, H- beam in the LB 
mode will be nearly equal in intensity to the Hi 
beam, and rf-cavity loading precludes simultaneous 
acceleration. Up to 10% of LAMPF production (12 out 
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Fig. 4 
Schematic diagram to illustrate timing and synchronization communication between PSR, LAMPF, and the H- 
injector area. The focus of the control for PSR is the CCPG which generates pulse trains to drive the chopper 
amplifier. Although the patterns are controlled from PSR, overall timing gates must be provided by LAMPF 
through the master timer. The FSG derives.the rf needed to synchronize chopper patterns with the PSR bunchers. 
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This diagram shows the interlacing of PSR beam with other LAMPF beams for the two basic modes of operation. 
Low intensity H- beam, either from the H- or polarized source,,or chopped for the SB mode, can be accelera- 
ted simultaneously with the high-intensity H+ beam. In the SB mode, PSR takes the last 108 us of each 
(nominal) 750~us-long macropulse. For the LB mode, the chopping pattern retains much of the intense H- 
beam, requiring that H+ macropulses be skipped during PSR injection. Many other combinations are possible, 
including multiplexed operation with different types of chopped beams. 

of 120 Hz) will be made available for PSR in the LB 
mode. 

Conclusion 

Ring," Proc. of 4th Int. Pulsed Power Conf., 1983, to 
be published. 

Four different kinds of pulse structures are 
required for chopped beam destined for the PSR/WNR 
complex. Within these types, a great deal of flexi- 
bility must be provided so that WNR can operate in a 
stand-alone mode, or with PSR, or multiplexed during 
the PSR commissioning period. PSR beams must be fully 
synchronized with the ring bunchers and must be 
adjustable in frequency, length, and micropulse 
selection pattern for tune-up operations. The beam 
chopper, kicker magnets, and synchronization scheme 
necessary to achieve these aims have been described. 
Close coordination with the LAMPF linac rf and timing 
system will be required to successfully implement all 
of the beam requirements. 
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i’ESTS OF A SECOND HARMONIC RF SYSTEM FOR =il.iE INTENSE FiiiiED NiUTRON SOURCE 8k.EiC.iOFiUd 

J. Norem and P. Brandeberry 
Argonne National Laboratory 

Argonne, Illinois 60439 

The Rapid Cycling Synchrotron (RCS) of the 
Intense Pulsed Neutron Source (IF%) operating at 
Argonne National Laboratof? ia preeently producing 
intensities of Z-Z.5 x 10” protons per puse (ppp) 
with rhe addition of a new ion source. \ Thfa 
intensity is close to the space c&rge limit of the 
machine, estimated at -3 x 10 PPP, depending 
somewhat on the available aperture. With the present 
good performance in mind, accelerator improvements are 
being directed at 1) increasing beam intensities for 
neutron science, 2) lowering acceleration losses to 
minimize activation, and 3) gaining better control of 
the beam so that losses can be made to occur vhen and 
where they can be most easily controlled. We are now 
proposing a third cavity for the RF system which would 
provide control of the longitudinal bunch shape during 
the cycle which would permit raising the effective 
space charge limit of the accelerator and reducing 
losses by pfoviding more RF voltage at maximum 
acceleration. 

Both theoretical and experimenta13’4’5 studies 
have shown that increasing the bunch qength decreases 
the charge density and increases the maximum apace 
charge limited intensity at injection. Since the 
sinusoidal acceleration field of the RCS requires that 
the synchrotron phase and longitudinal phase space 
acceptance of the accelerator change significantly 
during acceleration, acceleration losses during 
midcycle are also a problem that can be improved using 
RF. Present operation of the RCS is ehowd in 
Pig. 2. We have plotted beam energy (E), RF 
acceleration voltage (V), eynchrotron phase (0,) and 
space charge tune shift (Au) of the beam as a function 
of time in the acceleration cycle, for typical 500 MeV 
acceleration. 

Summary 

This paper presents an outline of the expected 
L^__S,l” ..___&.a.__ *-,.L _^___.. ____.1 L^ _X..._,_^> 1_._>__ YeueILLs cuarlller IACLL FrCeuL rvsoIL(I “DCaLLLru UU‘Lug 
low energy operation vith one of the two existing 
cavities operating at the - second harmonfc (2fo). 
These results show that bunch lengthening does ‘occur 
as expected and switching from harmonic to fundamental 
operation during acceleration can be done vith minimal 
losses. 

Expected benefits 

Recent experimental evidence wing the new high 
current ion source seems to confirm the existance 
the space charge limit of the RCS near 3 x 10 n$ 

protons per pulse. Figure 1 shows losses during 
capture and acceleration as a function of injected 
current. These curves are typical, but do not 
indicate the dependence on machine parameters such as 
trim quadrupoles and injection conditions. Capture 

:“:“;a12 
rise when the injected beam approaches 

(Podvalent tQ I,$,4 1,4) a& these lgaeee are ._l__.-__-_ 

too large to permit operation. As neutron users 
desire high intensities, we have studied ways in which 
intensity improvements could be compatible vith lover 
losses and improved reliability, both of which are 
critical in a machine where essential components can 
reach radiation levels of -1 rem. 

Fig. 1. Total beam losses between injection and 
extraction. The increase in losses at high 
intensity is primarily due to capture losses. 

* Work supported by the U. S. Department of Energy. 

The proposed system would utilize a third cavity 
capable of operating at the second harmonic (2f,) for 
the first part of the acceleration cycle to stretch 
out the bunch length, and at the fundamental (f,) for 
the remainder of the cycle to provide additional 
acceleration voltage. The voltage and frequency of 
the two components (f. 
Fig. 3. 

and 2f,) are plotted in 
The phase space acceptance (A) as a function 

of accelerating voltage and time in the acceleration 
cycle for hi-h _..I. the existi- and proposed PUP+-,“. wzY.--, 
together with the measured longitudinal emittance (E ) 
are shown in Fig. 4. This plot also shows how t e g 
present I@ voltage program limits the acceleration 
efficiencies to roughly 85%. 

It has been shorq tn5the PCS (described below) 
and other accelerators ’ ’ that the second harmonic 
RP component can increase the space charge limit of an 
accelerated bunch by 30-40X when used through the 
whole acceleration cycle. Because of the low peak RP 
voltagel (21 kV) and the undesirably large losses of 
1 x 10 protons/s in this 30 Iis synchrotron, It was 
decided that the third cavity should also be capable 
of operatfng at the fundamental frequency to provide 
additional longitudinal acceptance vhen needed. This 
constraint mede operation above 5.5 MHs inefficient, 
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Fig. 3. Voltage and frequency program6 for the two 
harmonics. 

and slightly reduced the available gain6 in the space 
charge limit to 

AV 
ins G=- 

AV(t> 

is the maximum space charge induced tune 
%:: trka%v(t) is the incoherent tune shift when the 
harmonic component is turned off, that i6, 

Av(t) = Nf(o)f(x/a)f(y/b) 

vy3B2a(a+b) 

where N is the number of particle6 in the bunch, v is 
the tune, Y and 6 are the relativistic energy and 
velocity factors. a and b are the half width and 
height, and f(6). f(x/a), and f(y/b) are dependent on 
bunching and the beam distribution in the x and y 
planes. A detailed computer analysis was done of 
bunch shape6 and area6 using experimental data 

(Fig. 4) and a variety of RF voltage programs, 
assuming constant, and slowly varying, invarient 
emittances Ex, 6 and 66, with the result that the 
gain in intensitj is essentially determined by l/y28 
at the instant the harmonic is shut off. If the 

harmonic is turned off too early, space charge effect6 
will produce beam losses and If the additional RF 
voltage at the fundamental is provided too late, 
additional losses will be produced due to insufficient 
longitudinal acceptance. Optimum beam efficiency is 
obtained when beam losses due to space charge detuning 
and phase space are both minimized. This requires 
that the transition between second harmonic and 
fundamental must be made as quickly as possible at 
rn,,nhlv 0 ms fnrn +hn z,r~alarn+inn rvnln _ -“O..-, I --.-- -.._ ___________L. ‘,.___. 

Two other operating modes are ,possible. If space 
charge considerations become less important than 
losses, it would be possible to maintain the third 
cavity at the fundamental through the whole cycle. It 
is also possible to operate the third cavity at the 
second harmonic through the whole cycle, if problem6 
occur with switching or if maintaining a long bunch 

through the acceleration cycle become6 important. At 
PETRA, it ha6 been found that the addition of a higher 
harmonic cavity increases the threshold of the 
vertical instability that limit6 the beam current. 
This threshold ha6 been increased by a factor of five 
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Fig. 4. Phase space acceptance and measured 
longitudinal emittance as a function of 
time, for 2 and 3 cavities. 

when t e 
k 

bunch length increases by a comparable 
factor. Operation of the proposed cavity above 
5.5 MHZ requires changes in the cavity design however, 
either a reduction in ferrite or gap capacitor6 
accompanied by a change in the cavity bias system. 

System Description 

Existing System 

elsew~;e2:fisting 
system is described in detail 

60 only a short overview will be provided 
here. The present RF accelerating system for the RCS 
produces a total peak accelerating voltage of 21 kV 
across two single gap ferrite loaded cavities located 
180’ apart. The frequency swing of the fundamental 
operating mode is 2.2 to 5.3 MHz. The frequency 
program is generated from an integrated & signal using 
a third order polynomial expansion. Beam phase and 
position signals are added to correct the program. 
The low level electronics, located in the main control 
room, generate the low level drive and phase control 
signal6 required by the two cavities. Two separate 
amplifier systems, located near the accelerator, 
generate the cavity gap and bias potentials. A block 
diagram of the existing system is shown outside the 
dashed box in Fig. 5. 

Proposed Addition 

The third cavity system would have the capability 
of operating in three modes: 1) fundamental mode 
throughout the whole acceleration cycle, 2) second 
harmonic operation for the first 4 m6 and fundamental 
operation for the remainder, and 3) second harmonic 
through the whole acceleration cycle. The system, in 
the first two operating modes, would provide 
additional _voltage _^ _... _^_^^..^ _c d ___i_..._ .._rl Leyus‘emeuLa aL Y UlOnlUulu ~MJ, in 
the last two modes, would be capable of increasing the 
space charge limit of the RCS. In addition to the 
previously stated advantages, other considerations 
are: 1) all three cavities could be operated at lower 
levels decreasing component stresses if the full 
voltage increase is not required, and 2) failure of 
one of the systems would not significantly hinder the 
IPNS experimental program since the RCS could quickly 
resume operation with two acceleration cavities at 
reduced intensity, with repair6 postponed to the next 
shutdown period. Space for the third cavity in the 
RCS ring can be provided by combining the trim 
quidrupole and octupole magnets. 



For the third accelerating system, the cavity and 
amplifier chain would be identical to the ones 
presently in uee, simplifying the design and 
construction. The construction can be accomplished 
without jeopardizing any existing accelerator 
components or significantly interrupting the 
anticipated IPNS operating schedule. Costs will be 
held down by using existing spare ferrite and cavity 
parts, ae well a8 the existing reserve of the final 
stage dc power supply. Some additions and changes 
will be required in the low level controls. The main 
electronic design effort will center on the problems 
of switching from the harmonic to the fundamental mode 
and phase locking to the other cavities under the 
various conditions. A block diagram of the proposed 
system is shown in the upper portion of Fig. 5. 

Experimental Results 

Limited experiments on the feasibility of the 
planned approach have been done by modifying the 
existing system. In one experiment, the low level 
electronics of one of the cavities was modified by 
adding a diode frequency doubler to allow operation on 
the second harmonic. Another doubler was added to the 
output of the capacitive divider on the fundamental 
cavity permitting the measurement and control of 
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cavity to cavity phase. An additional function 
generator was added to allow independent control of 
the voltage functions to each of the cavities. During 
initial tests, no attempt was made to revert the 
system operating on the second harmonic back to the 
fundamental. Also, since the high level RP equipment 
is limited to a maximum of 5.3 MHz, the harmonic 
system could not be operated beyond several 
milliseconds after beam capture. 

Initial tests were conducted with the normal 
450 MeV magnet program. Although stability of the 
beam was not optimized, the beam was captured into a 
vieibly larger bunch. Since only one cavity was 
operating on the fundamental, only half of the 
required voltage was available and all of the beam wae 
,n*+ h” n .“.“l~,.rn ,.“W. “J I -u&&W.“.. ?bP paak enrrgy vaa then louared 
to 225 HeV, which decreased the maximum B and allowed 
beam to be accelerated and extracted at full energy 
with only a single cavity. Cavity to cavity phase 
problems were corrected with regulator accuracy 
<+1oo. . Under -these conditions, the effects of 
fundamental and harmonic voltage, as well as cavity to 
cavity phase programming were studied. A typical set 
of conditions is shown in Pig. 6. A photograph 
showing the bunch formation under fundamental and 
harmonic operation and the transition to fundamental 

ACCELERATING SYSTEM BLOCK DIAGRAM 

EXISTINQ AND PROPOSED ADDITION 

PHASE 
DETECTOR 

i I i 
HARMONIC 

PHASE 
_--_--------------- 

l 

FUNDAMENTAL I, AGC 

SIGNALS 

PlCK”P 

V 
PHASE 

DETECTOR 

I 

Fig. 5. Block diagram of the existing and proposed accelerating systems. 
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Fig. 6. Typical harmonic operating conditions. 

is shown in Fig. 7. No increase in beam losses or 
instabilites was noted because of the harmonic voltage 
operation. In addition, no instabilities or bunch 
oscillations were encountered when the harmonic system 
was shut down rapidly (r _ 100 ps - l/2 synchrotron 
period). 

Most recently) switching one RF cavity from the 
second harmonic to the fundamental was done during 
acceleration to 450 and 300 MeV using one cavity 
operating at the fundamental. During these tests, the 
voltage on the second harmonic cavity was reduced to 
zero in 0.5 ms, the cavity was off for -0.7 ms while 
the cavity was switched to the fundamental and the 
voltage was then raised to -10 kV in -0.5 ms. Beam 
losses during this transition period were consistent 
._> _*. ~__ .1 _L1 ____1. _L.. wztn preolctlons based on the avallanle iongitiidiiial 
phase space (Fig. 4) and the small losses which did 
occur during switching seemed to be directly related 
to the RF voltage during this period es shown in 
Fig. 8. AddLtional effort will be required on the 
cavity to cavity phase and beam phase servo systems. 

Fig. 7. Mountain range display of fundamental and 
harmonic bunch structure and the transition 
to the fundamental. 
Horizontal scale - 50 ns/dlvision. 

Fig. 8. Beam intensity during transition from 
harmonic to fundamental operation. The range 
of beam losses due to changes in the 
fundamental voltage Is shown. 

Conclusions 

The limitations of inadequate RF voltage in the 
present accelerating system are clearly evident. A 
third cavity system has many advantages, even when 
operating on the fundamental frequency. Since the RCS 
is approaching the theoretical space charge limit, the 
added “bonus” of using the harmonic mode to increase 
this limit, should have a positive impact on the whole 
IPNS experimental program. Initial tests have shown 
that bunch lengths can be extended and the transition 
from harmonic to the fundamental acceleration seems to 
produce no adverse effects on the beam bunch or beam 
stability. 
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INTENSE PULSED NEUTRON SOURCE ACCELERATOR STATUS* 

C. W. Potts, F. R. Brumwell and V. F’. Stipp 
Argonne National laboratory 

Argonne, Illinois 60439 

Introduction 

The Intense Pulsed Neutron Source (IPNS) facility 
has been in operation since November 1, 1961. From 
that date through August 1. 1983, the accelerator 
system was scheduled for 7191 hours of operation, 
firi: :0-&s period, 627 million pulses totaling about 

. protons were delivered to the spallation 
target. The accelerator has exceeded goals set in 
1981 by averaging 8.65 @A over this two year period. 
This average beam current, while modest by the 
standards of proposed machines, makes the IPNS 
synchrotron (Rapid Cycling Synchrotron [RCSI) the 
highest inteneity proton synchrotron in the world 
today. Table I, Figs. 1 and 2 provide more detailed 
data on accelerator operation. Weekly average 
currents of 12 fi have been achieved along with peaks 
of 13.9 UA. A great deal has been learned about the 
required operating constraints during high beam 
current operation. It should be possible to increase 
the average beam current during this next year to 
12 $ while observing these restraints. Improvement 
plans have been formulated to increase the beam 
current to 16 nA over the next three years. 

IPNS ACCELERATOR TARGET CURRENT 

12 
Eia 400 Mev m 450 Mev 

r-- 

Fig. 1. IPNS Accelerator average target current. 

Proton beam energy 
Average beam current 
Operating efficiency 
Scheduled operating time 
Available operating time 
Total pulses on target 
Total protons on target 

*Work supported by the U. S. Department 

Operating Summary - General 

The original IPNS accelerator 
previously described in 
Extensive modifications3 

detail sys~e;;~re;e:s 

to the base system were made 
in 1980 and 1981. As Fig. 1 implies, with these 
modifications in place, it was a reasonably straight- 
forward activity to get the accelerator currents up to 
the 8 LIA short-term goal. The II- ion source in 

ogp y a:gjpf at that .time could deliver a charge of only 
ions 30 times per second. When the various 

transport and acceleration efficiencies were 
considered, a time average of only 10.0 J of 50 MeV 
H- ions could routinely be delivered to the 
synchrotron for acceleration to full energy. This 
was, in a way, fortunate since it encouraged us to 
make the beam handling more efficient and put a 
greater premium on reliability. 
average beam losses to 

We ayo~t ab14e ; l:;fj 
only 

protons/pulse and maintained a combined acceleration 
and extraction efficiency of about 85% in the 
eynchrotron. The residual radiation level in the 
synchrotron tunnel stayed reasonably low, with only 4 
locations reading greater than 300 mrem after a 4 day 
shutdown. In fact, maintenance personnel were exposed 
to a total of only 7.55 man-rem of radiation in 1982. 

IPNS ACCELERATOR AVAILABILITY 

100, 
fsa~oohfev m45oMev 

Fig. 2. IPNS accelerator availability since turn-on. 

Table I. 

Accelerator Operating Summary 

Nov. 1981-July 1982 

400 MeV 
8.02 fi 
88.9% 
3358 hours 
2985 hour8 
2.94 x 10 
4.44 x 1020 . 

of Energy. 

Oct. 1982-July 1983 

450 WeV 
9.21 IJA 
90.2% 
3833 hours 
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In March of 1983, a more intense l-l’- ion source 
became operational and the beam current became limited 
by the losses that could be tolerated in the RCS 
tunnel. The 12 pA beam cuqnt noted above was 
achieved with loss .of 5.5 x 10 protons per pulse. 
We feel this is about the maximum long-term average 
beam loss that can be tolerated and still allow for 
hands-on maintenance. The RCS tunnel has a mean 
diameter of 50 feet, a width of 7.5 feet and a mean 
height of 8 feet, so little room is available for 
temporary shielding, special handling fixtures, etc. 
Future higher intensities cati only be achieved by more 
efficient beam capture and acceleration. 

Automatic devices are set to shutdown th 
when the losses exceed an average of 7.5 x 10 

‘il 
beam 

for 

;;eg ;c;;ff 
When the machine is operating at 30 Ha at 

loss (normal conditions), a slight power 
supply current change or beam instability will easily 
cause a beam shutdown. While restart is simple, some 
neutrons are lost and an undesirable target thermal 
cycle has occurred. The IPNS accelerator is, 
therefore, a machine that has to be “tuned” very 
deliberately. This means that the trial and error 
tuning that usually produces the highest accelerator 
current is difficult if not impossible on this 
accelerator. Power supply instability due to phase 
slip with respect to the power line phase (when the 
accelerator is synchronized to a neutron chopper) and 
a pesky high energy longitu inal 

4 
beam instability have 

been previously described. Substantial improvement 
has been made in these two operating problems, but 
they are not totally cured. These two effects keep 
the accelerator system on the verge of a beam shutdown 
at all times when maximum proton currents are 
required. 

The Preaccelerator and El- Ion Source 

The H- ion source in use at start-up in 1981 used 
double charge exchange to produce the low energy H- 
ion beam. This source was quite reliable but was 
limited to a current of 20 mA (on good days!). To 
reach planned future goals of the accelerator system, 
at least 40 mA of Ii- was required. 
studies of a Penning H- ion source 

4Earlier Argonne 
were somewhat 

discouraging due to unreliability and high hydrogen 
gas flow requirement. A magnetron H- ion source 
developed at Fermi National Accelerator Laboratory 
(FNAL) has worked reliably for several years. With 
the standard FNAL magnetron source, sufficient beam 
could be obtained but the pulse width was limited by 
excess cathode temperature to 30 !.m at a 30 Hz rate. 
The high arc current required (120-150 A) tended to 
overheat the cathode. By incorporating a focusing 
groove in the source cathode, the required arc current 
decreased to 40 A. The focusing groove technique xas 
discovered at Brookhaven National Laboratory (BNL). 

GROOVE / R=3,8m --I k-.79,++/7 

Fig. 3. Magnetron H- ion source with grooved cathode. 

The new IPNS source7 can produce a 50 mA, 70 ns 
wide pulse at 30 Hz with the cathode temperature 
reaching only -37O’C. The grooved cathode also 
produces a more stable arc with less low frequency 
noise. The lower arc currents also require less 
hydrogen flow to maintain a discharge. A cross 
section of the magnetron with a groove in the cathode 
is show in Fig. 3. 

In the IPNS preaccelerator an extended transport 
line is required to connect the source into the 
preaccelerator high voltage column. Space charge 
neutralization is required to prevent blowup in this 
transport line. A flow of -0.2 atmospheric cm3/min of 
dry nitrogen seems to be adequate. Good 
neutralization requires about 30 pa of mixing time. 
This early portion of the beam pulse is chopped out 
before it reacp the linac by a 750 kV traveling wave 
beam chopper. This chopper is also used in the 
safety system to enable the source to continue to 
operate at constant temperature when operating 
requirements dictate no beam, a change in pulse width 
or a change in repetition rate. 

The performance of the new ion source has been 
excellent. During a total running time of 3100 hours, 
in that period only one two-hour unscheduled source 
shutdown occurred and this resulted from an ancillary 
power supply problem. The source body was opened and 
inspected after a 5 month period. It took less than 
2 man-days to clean the source up and get it 
operational again. We feel the lower temperature 
operation is responsible for the long operating life 
and lack of internal damage. 

The ion source is capable’of delivering up to 
30 nA of average current to the RCS while only about 
15 nA maximum is presently usable in the 
synchrotron. It is thus possible to run the 
preaccelerator voltage and linac RF levels lower to 
improve reliability since maximum beam transport 
efficiency from the preaccelerator to the RCS is not 
required. We have recently added feedback circuits to 
exactly regulate the amount of beam delivered to the 
synchrotron each pulse. This helps to control the 
number of excess beam loss trips since we operate so 
close to a beam loss trip limit most of ‘the time. 

Linac 

The linac has now been running for two years with 
input RF power at 150% of the initial design level. 
overall linac reliability has been excellent with 
breakdowns accounting for 1% of scheduled operating 
time. The life of the expensive RCA type 7835 final 
power amplifier tube is equal to that obtained during 
Zero Gradient Synchrotron (ZGS) operation when average 
RF power levels were about 3% of present levels. The 
dc blocking capacitors on the final power amplifier 
have been the most troublesome component, but when 
they are properly fabricated 200-300 million pulses 
can be expected. There has been no appreciable 
buildup of residual radiation in the linac components. 

Rapid Cycling Synchrotron 

Reliability and Cost Improvement 

The extraction kicker magnet has 4 quarter turn 
coils each originally designed to be driven by and 
terminated in 7 C, The planned operating voltage of 
68 kV proved difficult to handle because of cable 
breakdowns and corona discharge at connections. 
Judicious impedance mismatching has reduced the 
operating voltage to 49 kV without effecting the 
current pulse rise time or creating harmful 
reflections. Beam extraction efficiency remained at 
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essentially 100%. The driving point impedance is now 
4.67 n and the terminating resistors are 6 R The 
power supply presently contains four $14,000 CXl192 
deutefjlum thyratrons. Originally estimated for a life 
of 10 pulses the 
over 3 x 108 ep 

tube life 'has, in fact, averaged 
ulses with these modifications in 

place. Since 10 pulses is only 7 weeks of operation, 
this is a significant cost saving. The lower required 
voltage will allow future operation to be conducted 
with the cheaper CX1175 type tube. 

Beam Intensity Improvement 

In October of 1982, the beam energy was increased 
from 400 MeV to 450 MeV without loss of average 
current. This meant an increase in the neutron per 
proton ratio of about 18%. The new ion source became 

operational in March of 1983. Within 2 months, the 
weekly average current increased from 8 la to almost 
12 LIA. Several changes in the synchrotron operating 
mode made this possible. A change in the injection 
working point of 0.03 increased t e efficient capture 
intensity from 2.4 to 3.0 x 10 

lh 
. This required a 

trim quadrupole current of about 7 A. Sustaining this 
small tune shift beyond about 5 ms into the cycle 
actually made high energy operation more unstable. 

The threshold of the high energy longitudinal 
instability that bothered the RCS'from its first 
was 
2.4 x'"::" 

in early 1982 from about 1.3 x 1olY: 
protons/pulse by reducing reflections in 

the low level RF portion of the beam phase feedback 
system. The increased current from the y, source 
made the problem reappear above 2.4 x 10 . This 

problem has now been solved again, at least at present 

intensity, by artifical bunch dilution. Figure 4 
shows traces of the high energy longitudinal beam 

. profile with and without bunch dilution. The diluted 

beam signal (upper) clearly shows a bunch with 

decreased localized particle density. Following a 
technique employed at the Jap nese National Laboratory 
for High Energy Physics (KRK) 

1 
, we deliberately inject 

a controlled amount of noise into the RF master 
oscillator for about 2 ms starting shortly after fi 
maximum. The frequency of this noise is fixed a few % 
above the beam synchrotron oscillation frequency. 
Counter phasing the two RP cavities at this noise 
frequency did not produce the same result as it did at 
KEK. New equipment is now being installed to allow 
the noise frequency to linearly track the changing 
synchrotron frequency in hopes of reducing the 
longitudinal problem even more. 

Pig. 4. IPNS beam bunch at 430 MeV. 
Upper trace - artifically diluted by 
synchrotron noise. Lower trace - undiluted. 

The higher currents available from the new ion 
source also made the problem of "beam noise" more 
acute. These beam generated electrical signals effect 
numerous low level signals but have been particularly 
troublesome in the ring magnet power supply where 
under certain circumstances beam noise causes a ring 
magnet current change which causes an orbit shift 
which, in turn, causes greater beam noise, etc. An 
adverse positive feedback loop thus exists which, over 
several cycles, will cause beam losses large enough to 
trip the machine. Extensive efforts at filtering have 
been at least partially successful. This noise effect 
was also diminished by installing a circuit to correct 
the RF capture frequency in proportion dc drifts in 
the i integrator that feeds the RF function 
generator. All efforts to "clean up" signals by trial 
and error filtering are severely handicapped in that 
radiation levels prevent "beam-on" access to troubled 
equipment. 

H- Stripping Foil 

There has been no major effort employed to change 
the stripping foil material or methods of foil 
suspension this last year. The brighter ion source 
allows a pulse narrower in time. The narrow pulse, 
combined with changed operating modes on the injection 
bumper magnet have decreased the time that already 
stripped protons recirculate through the stripping 
foil. With these techniques operable, a typical well 
conditioned foil lasts about l-1/2 weeks (20 million 
pulses). Techniques to "condition" the foil include a 
larger than normal injected beam size, exposure of as 
much of the foil as possible to beam, and a slow 
buildup of current over about 3 hours. Foils have 

lasted 1.5 x 1o9t i;;~gst;;pp:~. million pulses with up to 

Operating Problems 

Little has been done thus far to localize the 
damaging effects of lost beam. A protective carbon 
block has been installed just upstream of the kicker 
magnet vacuum chamber. This protective block has 
clearly reduced vacuum leak problems in this area. 
Installation of remotely movable carbon shield blocks 
has been contemplated in the S-4 straight section for 
some time. This installation has not been given 
nearly as much priority as increasing beam intensity. 

We have known for some time that the injection 
bump magnets and some diagnostics show some signs of 
radiation damage. However, the first serious problem 
directly attributable to excessive lost beam occurred 
in late May when the machine was operating at 13 pA. 
The beam intensity suddenly dropped by a. factor of 
two. After many hours of tests and observation, we 
determined that the aperture inside ring triplet 
magnet 06 was partially occluded. Residual radiation 

readings and brief crude viewing indicated a problem 
at a point where the vertical beta function reached is 
maximum. A temporary repair restored 10 uA 
capability. The accelerator ran a little over two 
months until August 1 with this restricted condition. 

A more detailed inspection in August after a 3 
week cooldown revealed that the beam had burned 
completely through one of the "hoops" of the RP 
liner. Figure 5 shows the damaged piece protruding 
slightly into the aperture. We think that when heated 
by the magnet and beam, the hoop droops further into 
the aperture. We plan to cut this out with some 
remotely operated shears during the present shutdown. 

A similar damaged hoop was discovered at the 
entrance to ring singlet magnet U5. This was not at a 
point of maximum vertical beam size, so its origin is 
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PRESENT DESIGN OF THE L :NAC OF THE SNQ PROJECT 

J. Schelten and C. Zettler 

Abteilung fur Beschleuniger-Technologie des SNQ-Projektes der 
Kernforschungsanlage Ji3lich GmbH, 

D-5170 Julich, West-Germany 

The present concept of the linear accelerator 

for the spallation neutron source project is 

described. The need for two 100 MHz RFQ's and 

for a funneling section in front of a 200 MHz 

Alvarez structure and the usefulness of sing- 

le cells with separate RF power supplies 

following the alvarez accelerator is dis- 

cussed. The single cell concept asks for a 

sophisticated control of the amplitude, phase 

and timing of the RF.power. Because of the 

large number of components a special handling 

of failures is required. The consequences of 

beam loading are considered. 

Introduction 

The linear accelerator concept of the SNQ 

project was further developed since 1982 in 

the KFA Jiilich after the joint Kfk/KFA study 
1 

was completed in 1981 . The user community 

of the SNQ, which was steadily growing during 

the study of the SNQ project, was asking for 

more flexibility in particular for a variable 

end energy of the accelerated proton beam and 

for shorter pulses with higher currents. 

According to this development the new i3esign 

of the linear accelerator was governed by 

the changed pulse structure with an average 

pulse current I = 200 mA, 
P 

a pulse length of 

250 vsec, and a repetition rate of 100 Hz, 

as well as by the variable end energy 

E > 350 MeV, and by a stage concept as des- 

cribed by G. Bauer in the SNQ status report 

at this conference. 

It is the purpose of this paper to describe 

the new linear accelerator concept. This has 

to be done at a time when the basic design 

values have been frozen in while however 

many essential parameters are still nego- 

tiable. 

Basic desiqn 

Alvarez _____-- 

The middle part of the new linear accelerator 

of the SNQ project consists of a 200 MHz Al- 

varez structure as is indicated in Fig. 1. In 

the Alvarez a proton beam at an injection 

energy of 2 MeV is accelerated to an energy 

of about 100 MeV. A 200 MHz Alvarez is a well 

I RF IF 

I Generator Generotor 

I\ I \ 

Focussing 

Element I 

350 NeV/i;OOnev 
i=SmA 
ip =200 mA 

RFO. Fukling Section Al& Structure S,ngle Cell Structwe 

Source xx) MHz with Bunchers,&ods. 200 tlHz 200 MHz 
Beam Chopper and 

RF Deflector 

EOT-1.5 MVlm /3 MVlm 

N, - 300 / 600 

Fig. Schematic view of the SNQ linear 
accelerator 

known, reliable accelerator due to the expe- 

rience of many years of operation at BNL, 

CERN and FNAL. In table 1 a few parameters of 

the SNQ Alvarez are compared with parameters 

of three existing Alvarez accelerators. The 

table indicates that the energy and the pulse 

current values of the SNQ Alvarez are compa- 

rable with those of the existing machines. 

However, the average current of the SNQ pro- 

ject exceeds the other average currents by at 

least an order of magnitude. Thi.s means that 

one has to emphasize the minimization of beam 

losses in the SNQ Alvarez which is for the 

existing machine not an important feature. At 

present, beam dynamic studies are performed 

to demonstrate that beam losses can be 
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kNQ/BNLkERNIFNAL 
U,tMeVl 2 0.75 

U,IMeVl 100 200.03 

hmA1 200 220 

T[mAl 5 0.44 

f,[Hzl 100 10 

f [MHz1 201.25 201.25 

0.75 

50 

150 

~ 0.016 
I 

I 
1 

202.56 

0.75 

200.03 

300 

0.04 

15 

201.25 

Table 1 Parameter of operating 200 MHz. 
Alvarez accelerators and of the 
SNQ Alvarez. U. injection energy, 

"f 
Alvarez endi_energy, I averaged 

pulse current, I average current, 
f repetition rate and f rf fre- 
p quency. 

sufficiently suppressed by avoiding any pos- 

sible effect, which leads to emittance 

growth, such as resonances, beam instabili- 

ties and mismatch'. 

RFQ _-_ 

The fairly high injection energy of 2 MeV 

which ultimately allowed to choose a 200 MHz 

rf frequency for the Alvarez accelerator can 

only be achieved by a RFQ injector. At pre- 

sent there is no RFQ accelerator in permanent 

operation. However, a few successful beam 

tests with RFQ's have been reported. In table 

2 parameters of projects with four vane RFQ 

structures are listed for which beam tests 

Four Vane RFQ projects under beam test 

Laboratory 
7 #Rag" f “8 "‘ AT/T Part status 
[mAl IMHzl IKeVkinul IMeVhmul q/A 

IHEP IUSSRI 150 1485 100 0.620 2.510-5 p 200 mA (19141 

IHEP IUSSRI ,200 148.5 100 l.98 1.10-S p 130 mA I19791 

ITEP lUSSR1 240 148.5 09 3.00 3.10-S p (00 mA 119821 

Los Alomos IUSAI 60 425 100 0.64 <1.10-3 p M mA 11980) 

~.arAlo~s <USA) 167 425 100 2.072 1.10-l H- 18 mA 119831 

CLRN ~Swtr.1 - 202.56 50 0.52 - P 70 mA (19831 

INS IJoponl 4 100 S 0.138 cw ?.I/7 
H:H;.H; 

bec,m test (1983 

LBL IUSAI &VA/q 199.3 7.1 0.2 2.10.' 11/7 beam test (1983 

Table 2 

have been performed3. According to these beam 

tests it has been demonstrated that proton 

currents of about 100 mA can be accelerated 

Parameters of four vane_RFQ struc- 
ture under beam tests, I = design 
current as designed, f - rf fre- 
guancy, u., u initial and final RFQ 
energy AT~)T ddty cycle, q and A 
charge and atomic number, respecti- 
vely. 

in four vane RFQ's at a frequency of about 

100 MHz starting from an energy as low as 

50 KeV to a few MeV. Because of these promis- 

ing results it seems to be justified that the 

injector of the SNQ linac is based on this 

recent development in accelerator technology. ~ 

The current limited by space charge, which 

can be accelerated in an RFQ structure, de- 

pends on the initial particle energy and on 

the frequency. In a linearized model a. cur- 

rent limit can be estimated, which is repre- 

sented by the solid line in Fig. 2. The vali- 

dity of this current limit has been demon- 

strated by multi particle calculations since 

.- 
3 
E 
& 
z 

Fig. 2 

z l measured values 
+ 
C 0 designed values : 
W 

c! 

2 -s 1000 r 

5 d 
s: 

5 \_ 
", <a 100: 
t I- 

lo-- 

1 10 100 1000 
Frequency f (MHz) 

Maximum RFQ proton current as a 
function of frequency and injection 
energy Ui 

I - measured currents from table 2 

0 - results from many particle cal- 
culation 

- - current limit estimate by a 
linearized model. 
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the calculated currents of designed RFQ acce- 

lerators lie at or below the solid line (see 

Fig. 21. A promissing result is that the mea- 

sured currents of the six known RFQ's under 

beam test are close to the current limit. One 

reads from Fig. 2 that a current of 200 mA 

can probably not be accelerated in a 200 MHz 

RFQ from 50 KeV to 2 MeV as is required, How- 

ever, by using two 100 MHZ RFQ and by funnel- 

in9 the beam in order to feed the Alvarez 

accelerator with 200 MHz bunches; the situa- 

tion is fourfold relaxed since.each of the 

RFQ operates at the lower frequency of 100 

MHz with higher current limit and has to 

accelerate only half of the current. 

the two accelerator parts. With an averape 

accelerating voltage gradient E,T of about 

1.5 MV/m about 300 single cells are needed 

to accelerate the proton beam from 100 MeV to 

the end energy of 350 MeV (stage I). By in- 

stalling another 300 single cells and by up- 

grading the rf power supply for stage II the 

voltage gradient can be increased to about 

3 MV/m in order to reach the ultimate end 

energy of 1.1 GeV. .It is this flexibility be- 

sides many other options and a large variety 

of advantages to be discussed in the next pa- 

ragraph which has led to the concept of un- 

coupled 'accelerator structure. 

Transverse focussing elements are placed bet- 

ween single cells. The number of elements 
* 

Funneling section _______c_________ 

The funneling section consists of beam trans- 

port components as bunchers and quadrupoles, 

the fast choppers for cutting gaps in the 

current pulse and a rf deflector for merging 

the two 100 MHz bunches on a common beam axis. 

A detailed treatment of the beam dynamics 

with the linear model by regarding space 

will be optimized with respect to beam optics 

and beam losses. A large number of small mag- 

netic quadrupole lenses has the additional 

advantage of reducing the electric power los- 

ses in the quads due to smaller aperture ra- 

dii. 

In Fig. 3 the estimated power consumption of 

the SNQ linac in stage II is compiled. The 

charge and constraints due to the beam pro- 

perties at the end of the RFQ and in front of 

the Alvarez has shown that sufficient space 

can be provided for the rf deflector and for 

the fast choppers if the latter are placed in 

Power bolonce of the SNP accelerator stage II 

26 MW 

Mains 

4 
the 100 MHz lines . Multi particle simula- 

tions of the 11 m long funneling section are 

in progress. 

Because of the beam funneling two identical 

ion sources are needed, each of it yielding 

a pulsed current of 100 mA. At present, a 

prototype of a magnetic multipole source and 

of the 50 KeV extraction system is under de- 

velopment. 

bMW B.SMW MW 

Beam trmsport RF-generators cawty walls 

Fig. 3 Preliminary energy flow diagramme 
of the SNQ accelerator stage II 

High energy part ________________ 

The high energy part of the SNQ linac con- 

sists of single cells with negligible rf 

coupling between the cells. Each single cell 

should be supplied with rf power by its own 

generator. The amplitude, phase, and timing 

of the rf power is electronically controlled 

and can be changed considerably during opera- 

tion if required. The operation frequency is 

200 MHz, the same as in the Alvarez accelera- 

tor, i.e., there is no frequency jump between 

fraction of power going into the beam is re- 

latively large because of the large effective 

shunt impedance of single cells (see Fig. 4) 

because of the large beam loading of 75 % and 

62,5 % in stage I and II during the pulse, 

and because of the focussing via many small 

lenses. 

Sinole cell concent 

The alternative to the single cell concept, 

where each cell has its own relatively small 

,rf power generator and its own control system, 

. . 
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is an accelerator with coupled structures, 

e.g. side-coupled structure or Disk and 

Washer (D+W) structure with the rf power 

supply from large generators. 

The single cell concept has a variety of ad- 

vantages which will be discussed in the fol- 

lowing by comparing it with a coupled struc- 

ture concept. 

shunt impedance _______________ 

It is generally accepted that a single cell 

has a higher shunt impedance ZT2 than any 

coupled structure, provided the resonator 

wave mode and the 6 value are the same. While 

i&\a coupled structure the length of the cell 

is a fixed parameter set for instance 6-h/2, 

it is an additional adjustable parameter for 

uncoupled single cells. Knapp et al. estima- 

ted that ZTa values of coupled structures are 

20 % less of that of single cells5. For a 

further comparison of shunt impedances of 

coupled and uncoupled structures, Disk and 

washer values from literature were scaled 

according to ZT~ b f 
l/2. 

to the frequency of 

f = 200 MHz and corrected to a beam hole 

radius R = 3.5 cm with data from Manta and 
6 H 

Knapp . The scaling works quite well since 

the D+W values calculated originally for fre- 

quencies of 1.32 GHz by Schriber and of 324 

'MHz in the KFA/KfK study agree within 5 % as 

can be seen in Fig. 4 781 . These scaled B-de- 

pendent values may be compared with calcula- 

ted ZT1 values for single cells at 200 MHz 

with bore radii of 3.5 cm diameter calculated 

by Lehmann6. Fig. 4 shows that the calculated 

shunt impedance of single cells in the E 
01 

resonator mode is for 5 5 0.7 larger than the 

shunt impedance of the D+W structures at the 

E 
02 

resonator mode. However, taking into 

account the relatively high losses due to the 

supporting structure in the D+W,the shunt im- 

pedance of single cells becomes even for the 

highest energy larger than the shunt impe- 

dance of D+W. 

Variable end energy _------_--------- 

Since the stable phase,angqe g is an adjust- 
S 

able parameter in the single cell concept, 

particles at any velocity can be accelerated. 

: This property can be utilized to operate the 

0.6 
P 

0.8 

Energy (MeV) 

100 400 1000 

0 Single Cell,Lehmonn (1983 

n D+W,Schriber (1981) 

Cl D+W,KfK/KFA Study(l981 
I I I I I I I 

Fig. 4 Corrected, scaled and calibrated 
effective shunt impedances ZT' vers. 
6 for B+W structures and for single 
cells at 200 MHz and bore radius 
of 3.5 cm. 

SNQ linac in other modes at higher end ener- 

gies with smaller beam currents. In the sin- 

gle cell concept it is possible to use the 

extra rf power which is gained by reducing 

the beam current to increase the accelerator 

voltage gradient and hence the end energy. 

In a coupled structure the voltage gradient 

can not be changed without additional phase 

slip and therefore the extra RF power can 

not be used otherwise. In Fig. 5 the relation 

between end energy and current is shown for 

the SNQ linac of stage I. In addition it is 

shown how the neutron yield decreases if the 

end energy is increased at the expenses of a 

current reduction. 

By decreasing the average current to 2 mA the 

end energy increases to 450 MeV. In this case 

the neutron intensity is reduced to 50 %, 

however, an important energy window for nu- 

clear physic experiments can be scanned in 

this way. 
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Fig. 5 Average proton current of the SNQ 
linac in stage I and the neutron 
yield in the target versus the end 
energy for constant rf power. 

Beam losses ______--__- 

A limit of the beam losses in the order of 

lo+ or less is required along the high ener- 

gy part of the SNQ linac because otherwise 

it will not be possible to enter the accele- 

rator tunnel 24 h after a shut-down of the 

accelerator. It is certainly a delicate task 

to predict beam losses at this low level and 

it is a big effort to estimate them with 

multi particle calculations. Nevertheless 

there are qualitative arguments which favori- 

se the single cell concept in this respect: 

1. The transverse focussing of the beam can 

be performed with many narrow spaced magnetic 

lenses, ultimately with a lens between con- 

secutive cells, This way of transverse focus- 

sing assures a minimum of beam breathing im- 

plying less beam losses than the alternative 

solution of widely spaced lenses in the case 

of coupled structures. 

2. An attempt can be made to reduce longitu- 

dinal beam losses in the single cell concept 

by changing to a more negative stable phase 

angle with the consequence of a decreased end 

energy. This flexibility of the sinqle cell 

concept, which will widely be ueed when ope- 

ration begins and during the test phase, does 

not exist with coupled structures except when 

stable angle and rf power are changed 'elmul- 

taneously. 

3. In coupled structures the rf power is 

transported along the accelerating cells with 

the group velocity V which is of the order of 

10 8 (D+W: 50 5) of light velocity and thus 

smaller than the beam velocity. This situa- 

tion leads to a ringing of the rf amplitude 

at the head of the current pulse, responsib- 

le for beam losses. For single cells the rf 

power is not transported along the cells and 

the term group velocity is meaningless in 

this concept. Consequently this source of 

beam losses does not exist. Similarly, the 

problem of rf amplitude gradient along the 

coupled structure is absent in the single 

cell concept. 

4. Since each single cell has its own tuner 

a shift of the resonance frequency due to 

temperature or stress changes can be compen- 

sated by retuning. However for a coupled 

structure local temperat.ure and stress chan- 

ges lead to field distortions which cannot 

be compensated by the one tuner per tank. As 

a consequence additional phase slip occurs 

which may also lead to beam losses. 

Mass production _____ _--__-__- 

The large number (300 and 600 for stage I and 

11, respectively) of identical components as 

cavity, control system, rf power generator 

and focussing device lowers the price per 

item because of mass production. On the other 

hand considerable effort can be spent to 

cost-optimize all items which are purchased 

in such large quantities. This leads to an- 

other reduction of cost. In addition, smaller 

items will atract more firms for tender. 

Flexible stage conceef ____________________ 

There are different ways to realize stage I 

of the SNQ linac and to reach the ultimate 

design values depending on the cash flow. 

One has to assume that already in stage I the 

tunnel will have its final length of about 

400 m for the high energy part of the linac 



as is required for stage II. one way of rea- 

lisation of stage I and II is to keep the BoT 

voltage gradients at the maximum value of 

3 MV/m and to install in stage I the minimum 
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number of single cells with the full rf power 

installation per cell. In this case only l/4 

of the tunnel would be used. A better way is 

according to Fig. 6 to fill about half the 

30 
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20 

IS 

10 

5 

300 400 
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0 100 200 300 400 
High Energy Accelerator Length (ml. 

Fig. 6 Capital cost versus accelerator 
length of the high energy part of 
the SNQ linac in the range of 
B,T 5 3 W/m. The results are based 
on a shunt impedance of 30 MQ/m, a 
rf filling factor of 82 %, a stable 
phase angle of -20°, a current of 
200 mA and an injection energy of 
100 MeV and last not least on the 
costs per meter of rf structure, 
beam optics and tunnel, and on the 

cost per Watt of rf power. 

tunnel with single cells, In this case the 

voltage gradient is only 1.5 MV/m and hence 

less rf power has to be psovided. According 

to the cost estimates of rf structure, beam 

optics, tunnel and rf power, Fig. 6 indica- 

tes that the stage I linac with the smaller 

voltage gradient, which means more reliablli- 

ty, is less expensive. Due to the merits of 

the single cell concept one then can change 

over to an intermediate stage I' by simply 

upgrading the rf power and increasing the E,,T 

value to its maximum of 3 W/m. In this case 

the end energy is 600 MeV at the same current 

I = 200 mA which means for instance a neu- 
P 

tron intensity gain of about 2. The major 

advantage however is that one can gain expe- 

rience about the operation of stage II before 

its installation (characterized by EOT = 

3 MV/m and energies up to 600 MeV) already in 

stage I'. 

For the final upgrading to the end energy of 

1.1 GeV all components used so far remain 

still in use. 

In summary the single cell concept has the 

advantage that the rf power losses of the 

structure are smallest, that the mode of ope- 

ration can be varied, that beam losses should 

be smaller in comparison to coupled structu- 

res and that the investment cost can be con- 

siderably reduced by mass production. 

Failure compensation 

Because of the large number of components a 

failure will frequently occur in the high 

energy part of the linac. The by far weakest 

component is certainly the amplifier chain. 

Assuming Poisson statistics and a life time 

of 8000 h of operation for the rf generator, 

one has to expect on average one failure per 

day with the 300 units of stage I. This large 

failure rate cannot be treated in the conven- 

tional way by switching off the linac, diag- 

nosing the error, replacing the faulty com- 

ponent and then turning back to normal. This 

would cause too long shut-down periods. The 

situation is even more severe with the 600 

components in stage II. 

Fortunately, the single cell concept allows 

to continue operation if the rf power genera- 

tor of one or even more single cells failed. 

A consequence of a single cell which does not 

accelerate any more is a change of the phase 

advance in the following cells. The phase 

mismatch is 1.30 and 0.20 for all following 

cells if the failure occurs at a cell opera- 

ting at 100 MeV and 350 MeV, respectively, 

provided the single cell is detuned in order 

not to be charged up with rf power by the 

beam. Otherwise the phase change increases to 

values of 4.6O and 0.7' while the batch is 

passing. The presence of a non-accelerating 

single cell is signaled to the control system 

and the phase of the rf power in the follow- 

ing cells is changed to compensate for the 

resulting beam delay. As a result the beam is 
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accelerated to an end energy which is by about 

1 MeV smaller than the normal value. If nea 

cessary the correct end energy can be obtain- 

ed by slightly decreasing the absolute value 

of the stable phase angle. This correction is 

performed by the end energy control circuit. 

It should be emphasized that the described 

means to compensate for a faulty rf generator 

of a single cell are performed within msec, 

i.e. between two pulses.and that the opera- 

tion of the accelerator continues without any 

interruption. Then, during operation the error 

EPD be farther diagnosed and the faulty com- 

ponent may be replaced. Thereafter the opera- 

tion turns back to normal. 

The single cavity control system which is one 

part of the three level linac control system 

is shown in Fig. 7. The inner three control 

loops to the left of the cavity are conven- 

tional. By mechanical tuning the resonance 

Switch on 
CkJy 

Amplitude 
setting 

DC setting 

Cavity 
tuning 

Adapted 
pororetcrs 

Single &ity control 

Fig. 7 Block diagramme of the single cavity 

9 
control . 

frequency is kept constant. In the other two 

loops the rf amplitude and phase are held at 

the same value. Because of the Options to 

operate the high energy part of the SNQ acce- 

lerator at different stable phase angles, 

with small and large rf amplitudes and for 

different pulse currents the control loop 

needs input settings (E) for the phase gene- 

rator, (D) for the amplitude loop, (Cl for 

the amplifier chain, and (B) for the tuner. 

The phases are set with respect to a 200 MHz 

reference rf signal which is delayed for each 

single cell according to the arrival of the 

bunches in the center of the accelerator gap 

of a single cell. In a similar way the 

"switch'on" signal is delayed in order to 

assure the precise charge-up with rf power 

when the first bunch of a batch enters the 

single cell. 

The more advanced control loops are on the 

right hand side of iig. 7. Pick-up signals 

for the rf phase and beam are fed into the 

phase generator for determining the actual 

phase advance q, which is compared with the 

setting value (El in order to activate pro- 

perly the phase shifter device. The offset 

value is corrected by the feed back value 

A?(E) which originates from the end energy 

measuring device at the end of the accelera- 

tor. 

An still more sophisticated part in the cavi- 

ty control system is the learn box which ob- 

serves the error signals during many batches 

in order to learn how to improve the control. 

For this purpose the learn box is provided 

with the actual phase advance value and set- 

ting value and with the phase generator res- 

ponse. Based on an analysis of this informa- 

tion collected from many batches the learn 

box may change directly the setting value 

for rf phase and amplitude or create with the 

support of a computer from a higher level a 

complete new set of parameter values (G) 

which are better adapted to the actual situa- 

tion than the original settings. 

An example should illustrate the way how the 

learn box works. For this purpose it is 

assumed that the current has suddenly changed 

to a lower value. Consequently, from then on 

at the beginning of each batch the rf ampli- 

tude becomes too large because of the reduced 

beam loading. Then the amplitude will be low- 

ered by the inner amplitude loop and simul- 

taneously the phase control becomes aceive. 

After some damped osqillations the control 

system will be quiet again. This procedure 

at the beginning of each batch would take 

place for ever if the learn box would not 

interfere. After having observed and analysed 

the actions of the control system for many 

batches the only reaction of the learn box 

should be to decrease the rf amplitude set- 

ting adapted to the changed beam loading. 
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RF power generation 

In the single cell concept it would be 

possible to feed the cells with rf power from 

the largest rf generators of 4 MW power by 

distributing the rf power to a set of eight 

cells via power splitters and phase shifters. 

The advantages of the single cell concept 

quoted above exist however only if small rf 

generators, one for each cell, are used. 

Otherwise the discussed options of operation 

cannot be fully utilized. This restriction of 

small generators is in contrast to coupled 

structures where small and/or large genera- 

tors can be used. A rather comprehensive stu- 

dy on the rf power generation at 200 MHz has 
10 

been performed . A few results of this stu- 

dy are compiled in table 3. With the listed 

life times of the driver chains the costs of 

the rf installation and of the replacements 

per watt are not very different between the 

200 MHz RF Systems 

Small Large Large 

RF ,Amplifier Tetrode Triode Klystron 

250 k^W 1.5 M^W 3.0 M^W 

Single cell Yes No No 

Coupled cells Yes Yes Yes 

Number of I I: 300 60 30 
power modules II: 1200 240 120 

Device life time 8000 h 8000 h 40,000 h 

Cost of install- I I: 0.6 0.5 0.8 
ation [DM/W 1 II: 0.4 0.3 0.6 

Replacement 
cost [DM/W I 

0.05 0.025 0.08 

Device failure 
I 

I: l/d 1/5d l/Zm 
rate II: 4/d l/d 2/m 

. 

Table 3 200 MHz RF systems with the pulsed 
power KW and MW, I, II refers to 
the stages. 

three cases of small tetrodes, large triodes 

and klystrons. Table 3 indicates also that 

the solution with tetrodes which could be 

used as rf generators for the single cells 

is at medium cost compared to the other two. 

This relation holds for stage I ,and II. 

The major difference between the tetrode and 

klystron cases lies in the device failure 

rate as listed in table 3. 

Beam loading 

With respect to the cavity accelerating vol- 

tage there are an rf cavity current I 
cav 

and a beam current I beam flowing into and 

out of the cavity. Their ratio Ibeam / 

I cav is the beam loading which is 75 % and 

62.5 $ in stage I and II, respectively. The 

fairly large beam-loading has consequences 

which will be discussed in the following: 

1. In stage I about l/4 of the cavity current 

is needed to maintain the voltage gradient 

E,T while 3/4 are required for acceleration. 

Thus, for charging-up the cavity with rf 

power before each batch the total current, 

which is four times larger than the current 

needed to maintain the EoT value, can be 

used. Therefore, the charge-up time is con- 

siderably shortened. By charging at resonance 

frequency the voltage change is given by (11 

dv 
w Wet 

Z = Icav 
l (R/Q) l _i exp t-z) (1) 

One calculates with a typical R/Q value of 

330 Q/m (Ohmic, not including transit time 

factor) for single cells that the voltage of 

l/4 Icav*R is reached after 20 psec. If the 

design voltage would be reached assymptoti- 

tally by charging with the needed current 

I -1 the charge-up time would be 
cav beam 

much larger since the characteristic time 

constant is already 100 (rsec (= 2Q/w). The 

rapid charge-up with full power within 20 

psec requires a precise timing for the onset 

of rf filling into the cavities with respect 

to the arrival of the first bunch of a batch. 

2. In the case of a break down of a genera- 

tor unit the beam will recharge the cavity. 

Assymptotically, a voltage gradient is 
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reached which is about four times as large as 

the value of normal operation in stage I. 

The voltage gradient becomes twice as large 

in stage II. Its polarity is such that the 

beam is decelerated. The characteristic time 

constant is again 100 (Isec. The heavy load- 

ing of a cavity by the beam must be suppres- 

sed in order to avoid sparking in the cavity 

and energy modulation of the beam during the 

batch. Possible remedies are a fast short- 

circuiting of the cell or a strong mechanical 

detuning which unfortunately is slow. Both 

methods are expensive. It seems also possible 

to damp the cavity via the amplifier line 

even if the amplifier is out of service. 

3. During a gap, i.e. a missing string of 

bunches as is deliberately produced by the 

fast choppers in the funneling section, the 

cavity voltage rises. The relative increase 

per missing bunch is AV/V = 2.10-* with the 

parameters of stage I. For a typical switch 

gap in the batch of 20 missing bunches cor- 

responding to 100 nsec the relative voltage 

rise is 0.4 % followed by a ringing of about 

the same magnitude. The voltage rise during 

the gap can be reduced by decreasing appro- 

piately the cavity current I 
cav' 

Such a 

measure requires however an amplifier with a 

band width of infinity. With a large band 

width of e.g. 20 MHz which might be achieved 

with small power generators the voltage rise 

is reduced to the tolerable value of 0.1 1. 

4. The stable phase angle 9s # 0 causes a re- 

active component of the beam current which is 

passed on to the generator. The reactive com- 

ponent can be compensated for the duration of 

a batch by working with an appropiately de- 

tuned cavity. For linacs the resonance fre- 

quency ucav must be larger than the generator 

frequency w . 
q 

During the charge-up with 

w 
g < Wcav 

the phase angle between the cavity 

current I 
cav 

and the accelerating voltage 

E,T*L increases from O" to a value of about 

200 as can be calculated from the data of 

stage I. A phase jump by just this value is 

then required to turn the cavity current I 
cav 

in phase with the accelerating voltage, when 

the first bunch of a batch arrives and the 

design EOT value has been reached. Because of 

the finite bandwidth of the driver chain the 

phase jump will result in some ringing 

effects of small amplitude even if the band- 

width is of the order of 20 MHz. 
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Introduction 

Several of the neutron scattering instruments at 
the Intense Pulsed Neutron Source (IPNS) at Argonne 
use neutron choppers for monochromatization of the 
neutron beam. Since the neutron burst is produced by 
a proton beam extracted from the Rapid Cycling 
Synchrotron (RCS), precise synchronization rmst be 
maintained between the RCS and the chopper aperture to 
minimize the degradation of energy resolution. The 
first attempts at synchronization were made in 1978 on 
the ZING-P’ facility with a single chopper. 
Synchronization was further complicated after IPNS 
began operating in 1981 when a total of three chopper 
experiments came on-line. The system In use during 
that period of time was able to maintaln 
synchronization with typical data collection 
efficiencies ranging from 20 to 70%. A 
synchronization system improvement, installed in late 
1982, increased the data collection efficiencies of 
all the IPNS chopper systems to 99+X. The development 
of the RCS and neutron chopper synchronization system 
is described together with a detailed description of 
the present system. 

RCS System Description 

The RCS was originally designed to operate at 
30 Uz synchronized to the 60 Uz. power line. The 
synchrotron ring magnets are part of a biased u) Uz 
resonant circuit which is driven by a 24 phase power 
source made up of two solid state power supplies. 

*Work supported by the U. S. Department of Energy. 
SNOW at Dept. of Radiology, University of Chicago. 
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Fig. 1. Accelerator timing block diagram. 

The reference 30 Uz sine vave for the ring magnet 
power supply (RMPS) is generated from the 60 Uz power 
line by an analog series approximation circuit. 

The timing for the other accelerator components 
(R- ion source, linac, injection and extraction 
magnete, etc. ) is provided by the RCS clock which is 
synchronized to the magnetic field in the ring magnet 
by monitoring the zero crossings of the 8 signal from 
a pickup loop in one of the magnets. The clock has an 
uncertainty of W.5 18 and all timing adjustments have 
a resolution of 10 ye. A block diagram of ,the 
accelerator timing system is shown in Pig. 1. 

The proton beam is extracted from the RCS in a 
single *turn by a fast, 
magnet, 

100 ns rise tlme,3 kicker 
a pulsed transformer septum magnet ‘and a 

conventional dc septum magnet. The timing pulse from 
the RCS clock to the extraction kicker system arms the 
trigger circuitry. A signal derived from the 
circulating beam triggers the high current thyratron 
switches to charge the magnet after the tail of the 
circulating beam bunch has passed the kicker magnet 
creating an uncertainty of flO0 ns in the actual 
extraction time in respect to the timing pulse from 
the RCS clock. 

Chopper System Description 

The neutron beam chopper is a cylinder made of a 
neutron absorbing material with a curved slot 
containing a slit package which permits neutrons to 
pass through. The revolution frequency, and the width 
and curvature of the slits determine the range of 
energies that are transmitted to the experimental 
sample. The chopper is rotated at a frequency 
multiple of 30 Hz (typically 270 Hz) by a fractional 
horsepower synchronous motor. The motor-chopper 
assembly is enclosed within a vacuum tight housing 
which contains windows for neutron beam entry and 
exit. Cooling for the motor and bearings is provided 
by vater cooling loops on the outside of the vacuum 
enclosure at the armature end and by a 0.5 torr helium 
exchange gas within the enclosure which provides 
cooling by convection but does not create significant 
aerodynamic drag on the chopper rotor. The total 
amount of cooling provided established the practical 
limit on motor size. The chopper rotor and vacuum 
enclosure are shown in Pig. 2. 

Pig. 2. Chopper rotor and vacuum enclosure. 
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(a). Long-term. 

(b). Short-term. 
Fig. 3. Variation of the period of the 60 Sz line. 

The chopper drive system provides the power 
required to operate the chopper at a chosen speed, 
monitors the chopper operating parameters and shuta 
down the chopper power if a potentially damaging 
condition exista. A frequency synthesizer produces 
two phase sine waves in the frequency range of 1 Iiz to 
960 Hz to drive the chopper motor power amplifiers. 
The synthesizer also has provisions to be phase locked 
to an external 30 Iiz reference and provide an output 
at any harmonic of 30 Hz. A magnetic pickup, located 
on the chopper housing, provides a signal indicating 
the position of the chopper opening. A separate 
accelerometer is mounted on the armature bearing end 
plate and acts as a monitor for chopper vibration. 

Initial Synchronization Attempts 

The first logical step for synchronization, at 
least from the accelerator standpoint, was to operate 
the chopper system synchronized to the 60 hz power 
line. Investigation of the power line stability was 
begun and the “stable” line frequency was found to be 
unacceptable. A typical plot of long-term 60 Hz line 
period is shown in Fig. 3(a). Short-term variations 
are shown in Fig. 3(b). With the chopper’s high 
moment of inertia, the low torque motor had no 
possibility of tracking the short-term variations of 
the power line. The phase change response of the 
chopper magnetic pickup signal to the reference drive 
signal is shown in Fig. 4 for a 0.001% change in the 
frequency of the drive signal. As a point of 

comparison, a 1 m change in the 60 Hz period is 
equivalent to a 0.006% change. ‘Ihe difference in the 
large inertia8 and ‘time constants of the chopper 
slstem and the RCS ring magnet system made 
synchronization to the line impossible. 

The next synchronization attempt was to operat 
both systems locked to a common crystal oscillator. e 

This was a familiar mode of operation for the chopper 
system since it is used at reactor facilities, 
however, it was a totally new approach for the 
accelerator. The output of a 3.932 MHz oscillator, 
stable to fl part/million (ppm). was divided down to 
generate the required 60 EIz pulses for the IMF’S, as 
well as the drive frequencies for the chopper. 
Studies of extraction from the RCS were conducted and 
the timing limits for efficient extraction and 
transport were established. Efficient extraction was 
possible within f250 us of the peak of the ring magnet 
field and within f120 IS of the peak of the extraction 
septum pulse. Thus, it was possible to allow the 
chopper to initiate the extraction from the RCS vithin 
the efficient extraction time, the extraction window 
(SW). l’wo different means of controlling extraction 
were attempted. The first allowed the chopper system 
to control the triggering time of the extraction 
septum, with the kicker trigger occurring a fixed time 
after the septum. The second method fixed the septum 
time to the ring magnet field and allowed the chopper 
to control the arming time of the kicker system. 
Although the former allowed the use of a large EW 

Fig. 4. Chopper phase oscillation caused by‘a O.COlX change in driving frequency. 
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(f250 us), some degradation in the neutron energy 
resolution was detected due to the additional timing 
uncertainties caused by the longer delay between the 
chopper extraction command and the neutron burst from 
the target. Therefore, the second method became the 
standard mode of extraction control. 

Further problems were encountered due to phase 
shifts between the master clock, the RMPS voltage and 
the ring magnet magnetic field. The phase shifts 
between the RMPS voltage and magnetic field were 
primarily caused by temperature variations in the IMPS 
resonant circuit and the subsequent detuning. This 
effect was minimized by installing a circuit to vary 
the capacitance of the tuned circuit in small steps to 
maintain the system within tl50 ps of resonance. Due 
to its nature, this was a relatively 1ongTterm 
effect. Several other factors on phase shifts were 
short-term. The first was caused by “beam noise”, the 
coupling of circulating beam into .various control 
lines causing instabilities in RNPS control circuits 
such as the sine wave generator and IMPS regulator. 
The second wes caused by power line related ripple in 
various IMPS control circuits causing variation in 
system operation, a problem which due to the 
asynchronous operation to the line became a factor in 
many RCS systems, and in beam acceleration 
efficiency. The effect of “rolling” in respect to the 
power line frequency resulted in a 10% lower average 
current delivered on target. In addition, since the 
rate of “rolling” varied as the line frequency varied, 
the tuning of the accelerator was difficult because of 
the constantly changing conditions. Attempts were 
made to pinpoint the various causes for the beam 
handling instabilities. The effect on the RMPS caused 
variations in the injection field creating changes in 
the beam noise pattern which in turn affected the RMPS 
causing a further change in the injection field, etc.; 
a.servo loop with positive feedback. Some variation 
of the injected beam properties due to ripple on the 
50 Mev transport line magnets were also noted, but the 
position and size variations were too small to account 
for the beam instabilities. Any variation in the 
energy distribution of the injected pulse due to power 
supply ripple in the linear accelerator could not be 
studied for lack of an injection energy spectrometer. 

After careful study, the effects of the IMPS were 
minimized; however, the total phase shift between the 
master clock and the ring magnet field and 
subsequently the EW remained in the range of 
f200 Us. The chopper control system was redesigned to 
enable the chopper to track the phase variations of 
the EW. However, due to the low torque of the chopper 
drive motor, the maximum correction rate was limited 
to 0.5 w/s since a higher rate would cause 
demagnetization of the motor armature. Because of the 
low correction rate, the chopper was not able to 
maintain synchronization with the RCS for 100% of the 
time. In fact, with multiple chopper operation, since 
only the master chopper can control extraction and 
because of the unequal inertias and time constants of 
the choppers, the data collection efficiency of the 
slave choppers was as low as 20%. 

Synchronization System Operation 

The operation of the RCS on the master clock is 
straightforward and has already been described in the 
previous section. The interfacing of the RCS to the 
chopper electronics and chopper system operation will 
be described here. Figure 5 shows the block diagram 
of the system. 

In order for the chopper to stay in phase with 
the RCS, the chopper frequency l/r, must be a multiple 
of the 30 lis RCS frequency. The fundamental condition 

Fig. 5. RCS and neutron chopper synchronization 
system block diagram. 

which must bs met is that the chopper opening time 
follow the protons on target signal (t ) by the 
required phase delay time Tc, within a to erance of P 
AT,. The chopper phasing system controls proton beam 
extraction and, therefore, to, so all that is required 
to establish the desired phase is to send an 
extraction cosmrand @RX) at a time such that 

to+Tc=t2+TC , 

where t 
g 

is the chopper opening before t . The IIW is 
provide by the RCS clock during which MRX is 
accepted; if an MEX arrives within this window then it 
will be used, but only if the chopper can control 
(CCC) level is true. The CCC is used to make it 
possible for the RCS to control extraction on those 
RCS cycles when a MEX cannot be issued within the EW; 
when the ‘CCC is false, the RCS clock will generate its 
own extraction trigger at the midpoint of the EW, the 
optimum instant from the accelerator’s point of 
view. As long as the CCC is true, the RCS clock will 
wait for a MRX until the last possible moment; if none 
arrives, the beam will be extracted at the trailing 
edge of the EW. In this case, the pulse will not be 
usable by the chopper experiment, but will be 
available to other experiments. The phasing system 
checks every to pulse to make sure that the phase 
condition is satisfied, i.e., that 

to - t2 = Tc -TcfATc/2 . 

If this condition is not satisfied, an inhibiting 
level is sent to the data acquisition system so data 
will be accumulated only for correctly phased 
pulses. The final function of the phasing system is 
to adjust the phase of the chopper with respect to the 
RCS when necessary in order that a legal MEZX (i.e., in 
the EW) can be sent. This is accomplished by 
introducing a delay in the 30 Hz pulses to the 
frequency synthesizer from the master clock. 

The priority level selector is the communications 
link to the RCS. It also communicates with up to six 
chopper controllers and prioritizes the information it 
receives from them. Each controller receives EW and 
to from the priority level selector and sends back its 
own extraction trigger, EX. The priority level 
selector sends to the RCS clock, as the MRX, the 
highest priority legal EX signal it receives for each 
RCS cycle. Thus, if the first priority EX signal is 
not within EW, the second priority EX will be used, 
etc. If there is no EX from any of the six inputs 
which is within EW, the priority level selector sets 
the CCC false until a legal EX pulse comes in again 
from one of the chopper controllers. At any instant, 
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the highest priority chopper providing a legal EX is 
defined to be the master, all others are slaves, This 
status information is sent back to each chopper 
controller and is used during phase shifting. OnlY 
the master chopper tracks the EW, all the slaves track 
the MRX, the extraction command issued by the master 
chopper. 

Although it is not shown on Fig. 5, the system 
also contains a 60 Rs backup clock. In the event of 
interruption of the master 60 Hz signal to the RXPS, 
the backup clock synchronously switches the RCS over 
to its own 60 Rs reference signal. This is done to 
protect the RMPS from possible damage due to sudden 
removal of the reference 30 tls sine wave and to 
prevent the RCS from shutting down when something goes 
wrong with the master clock or associated cabling. 
The backup clock does not provide any signals to the 
chopper system, 80 the choppers do not synchronize to 
the RCS in this mode of operation. 

Synchronization System Improvements 

Although tolerable, the data collection 
efficiency of the chopper experiments was far from 
ideal and further methods were investigated to improve 
the efficiency. It did not take long to realize that 
the PM% could be phase shifted much more rapidly in 
respect to the master clock than the 0.5 IS/S maximum 
chopper correction rate. ‘A system was designed and 
built to phase shift the RMPS and to interface to the 
existing controls with the least amount of effort. 
The changes to the basic system of Pig. 5 are shown in 
bold on Fig. 6. 

The basic concept of neutron chopper controlled 
extraction remained the same, however, the EW was 
replaced by two: 1) the RCS extraction window (RRW) 
and 2) the chopper extraction window (CEW). The RRW 
is generated the same way a8 the EW and occurs 
centered about the peak of the extraction septum field 
and denotes the maximum allowable time range for 
extraction. The CEW is identical in width to the RRW, 
but starts on the positive transition of the 30 Hz 
square wave from the master clock. The chopper 
phasing circuits use the CEW as the reference to phase 
the choppers so that the EX occurs in the center of 
the CEW. Since the CRW is referenced directly to the 
sama clock that provides the reference signal to all 
the choppers, the phase relationship between the clock 
and the CEW is fixed and, therefore, no phase 
corrections are required by the choppers except for 
any internal mechanical variations, such as, bearing 

c I 
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Fig. 6. Synchronization system improvements. 

wear. In addition, the CEW provides a fixed 
synchronization reference point for choppers operating 
on various harmonics of 30 Rs. 

The RMPS ‘variable phase generator monitors the 
two windows, CEW and RRW, and maintains 
synchronization between the two by phase shifting the 
RMPS and, therefore, the whole accelerator system. 
This i8 accomplished by varying the delay of the 60 Rs 
pulses between the master clock and the RMPS sine wave 
generator. No correction is made +f the phase 
difference between the RRW and CEW is less than 
50 ps. If the phase difference exceeds the window 
width, corrections are made at a rate of 450 m/s. 
When the phase difference ie less than the window 
width, corrections are made at a rate of 30 us/s. 
Once a correction is begun, it continues until the 
phase error is zero. Phase correction8 are enabled 
only when the RMPS is operating synchronized to the 
master clock and the beam is on. The RWPS variable 
phase generator has a control range of f5 ma. If the 
control range is exceeded during a correction, the 
electronics switches the IMPS to the backup clock, 
resets the delay to midrange, switches the RMPS back 
to chopper clock and resumes correction. A manual 
delay is included to allow the RCS operator to set the 
variable delay to the center of the control range. 

As part of this improvement, the direction of the 
CCC signal was reversed. It now provides a status 
indication to the chopper priority level selector 
that, when true, the RCS clock is accepting the WRX 
command. It is true only when the phase error between 
CEW and Rl3W is less than the window width. When the 
phase error is greater than the window width, CCC is 
false and extraction occurs at the midpoint of RRW. 

An additional feature of the RMPS variable phase 
generator is .the synchronization of the transfer from 
master clock to 60 Hz line operation. Since the 
accelerator operation is more stable when the RMPS is 
operating synchronized to the 60 Hz line, whenever the 
chopper experiments are not operating even for short 
periods of time, the accelerator is operated 
synchronized to the line. The synchronized transfer 
feature allows the transfer to be made in both 
directions without shutting down the beam; and for a 
fast cycling accelerator, the previously required 5 
minute switchover time resulted in quite a few missed 
pulses on target. 

Conclusion and Future Plans 

The final evolution of the RCS and neutron 
chopper synchronization system, has brought about data 
collection efficiencies of 99+% to all the neutron 
scattering experiments using choppers. However, it 
has not eliminated the accelerator instabilities 
related to the beat frequency of the master clock to 
the 60 Rs line. This manifests in a 10% lower average 
current delivered on target with master clock 
operation compared with 60 Xs line operation. 

Work is presently underway on a compromise 
solution, a master clock which tracks the variations 
of the 60 Rx line within the tracking capabilities of 
the chopper system. Additional circuitry would 
improve the tracking capability of the chopper by 
damping any oscillation induced by the phase shifting 
required by the new clock. Initial tests of a 
prototype system look promising but an operational 
system is still in the future. 

Finally, the ideal system, from the accelerator’8 
point of view, is under consideration; a redesign of 
the total chopper system to allow the chopper to track 
the 60 R.2 line. 
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Summary 

A spallation neutron source for breeding fissile 
material must have high efficiency and reliability to 
be competitive with other sources of fissile fuel. A 
study by Tunnicliffe et al in 1976l suggested a 
breeder based on a proton linac with an output of 
300 mA average current at 1 GeV. Although such an 
accelerator is feasible with present technology, 
development work is needed before a practical device 
can be built. Bartholomew* at ICANS-V described an 
accelerator breeder development program that included 
the ZEBRA3 accelerator (300 mA average at 10 MeV) and 
its precursor RFQ14 (75 m4 average at 600 keV). This 
paper describes the injector development program at 
Chalk River, including the ion source, transport line, 
and structure to accelerate a proton beam to an energy 
suitable for further acceleration in a drift tube 
linac. 

Injector Requirements 

The injector for a spallation neutron source must 
deliver a high current proton beam at 100% duty factor 
at an energy suitable for further acceleration in a 
drift tube linac. For this discussion we shall assume 
the values of ZEBRA3 (300 mA at 2 MeV). The injector 
is a relatively small component of a large and 
expensive installation, so system parameters must be 
chosen to optimize the cost and efficiency of the 
entire installation rather than for economy or con- 
venience of the injector. High reliability and long 
component lifetime are essential requirements of the 
injector. Low beam spill and high efficiency of con- 
version of rf power to beam power are important only 
if they influence reliability or erosion of com- 
ponents. 

In addition to orovidinq an output beam matched 
to the admittance of the -drift i&he linac, the 
injector must have the capability of variable current 
operation from zero to full design value while main- 
taining the emittance match. 

The most suitable configuration for the injector 
is to use a dc column operating below 100 kV followed 
by a radio-frequency quadrupold (RFQ) accelerator. At 
CRNL high current operation of a 750 kV dc column 
proved to he very troublesome and the largest 100% 
duty factor 750 keV proton beam ever obtained spark- 
free for 30 minutes was below 50 mA. 

To obtain pertinent design information and oeer- 
ating experience prior to ZEBRA construction, RFQ is 
being built to accelerate 75 mA of protons to 
600 keV. RFQl operating at 2.5 times the ZEBRA 
frequency and at a lower surface electric field will 
have relatively similar space charge and beam 

loading. RF01 has been designed for conservative 
electric fields and modest currents. so that ooeration 
near the space charge limit can he conveniently 
studied and operation will be possible over a range of 
voltages. Rasic specifications for the two RFQ's are 
given in Table 1. 

Table I 

RFQl ZEBRA 

dc injector output 50 keV 75 keV 
RF0 output 600 keV 2 MeV 
output current 75 mA 305 mA 
frequency 269 MHz 108 MHz 

The aims of the RF01 experiment are to gain 
practical experience with design, construction, oper- 
ation and diagnostics. Of particular interest will be 
the operation near the current limit and a comparison 
of ohserved transmission with the results from com- 
puter particle dynamics codes. 

Figure 1 shows the dc injector to the start of 
the radio-frequency quadrupole of RFQl. Requirements 
are sunarized in Table 2. 

Fig. 1 RI'QI dc injector. 

Table 2 

DC Injector Requirements 

1. High dc current 

RFQl 
ZEBRA 

115 mA HI+ 
375 mR Hl+ 

(> 230 mA total) 
(> 750 mA total) 

2. Fixed energy 

RFQl 50 keV 
ZERRA 75 keV 

3. Low emittance - High brightness 

RFQl en = 3 II mn-mrad 
ZEBRA %i = 6 1 mn-mrad 

4. Variable current 

Zero to full current with ramp times of 
tens of seconds to tens of minutes. 
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5. Reliable operation 

- freedom from sparking 
- long component lifetimes 
- stable output (low noise and minimum 
oscillation of beam envelope) 

6. Match to RFQ acceptance 

- over full current range 

Inn Source, TIC Cnlumn, and Low Energy Ream Transport 

To provide the high hrightncss heam required hy 
the RFQ it is planned to start a high quality heam and 
minimize the length and numher of transport elements 
between the snurce and the RFQ. Multiple apertures 
are required for high currents so the plasma generator 
must give a uniform current density over the 
extraction area to reduce mismatch between apertures. 
The plasma must be quiescent to reduce both "time- 
averaged" mismatch and deleterious effects on space 
charge neutralization in the beam transport line. In 
addition all components must he designed with adequate 
cooling to have long lifetime and provide stable, 
repeatahle operation. 

A dunPIqatrnn meets most of these requirements. 
It has high arc and gas efficiency, and although the 
proton fraction is law, it is not rmch different from 
other plasma generators of the same size. An cxperi- 
mental program to improve its prntnn fraction is in 
prngress. 

The electrode genmatry is designed to minimize 
aherratinns and so produce a hright heam with a mini- 
mum nf haln. Reamlet stacking can he used to reduce 
the effective emittance from the multi-aperture 
array. The extraction column must operate at high 
gradient tn handle the hiqh current density. To pro- 
vide reliahle operation of the accelerator, sparking 
in the extraction column must he reduced. To achieve 
this, electrnn hackstreaming and sensitivity to x-ray 
fields must he minimized. Rackstreaming is reduced by 
minimizing heam spill, hy effective suppression of 
electrons from the beam generated plasma, and by mini- 
mization of electrnn production in the extraction 
gap. Sensitivity to x-ray fields is reduced by 
effective shielding of the ceramics and by the proper 
choice of electrode materials. Figure 2 shows a 
cross section of the triode accel-decel extraction 
column used at Chalk River for up to 500 mA total 
nutput. 

Fig. 2 Triode accel-decel extraction column. 

The transport line is kept as compact as is con- 
sistent with species selection, vacuum pumping, and 
diagnostics to reduce convective instabilities. 
Matching from the extraction column is achieved with a 
double focusing bending magnet (which also provides 
for species selection) and two solenoids. For low 
energy high current beams, good space charge neutrali- 
zation is necessary to reduce growth in beam size and 
emittance. This can be achieved by keeping the gas 
;re;s,u__r3e in the transport system relatively high (4-9 

Pa) although this leads to high charge 
exchange losses so a preferable alternative may be a 
plasma bridge neutralizer and this approach is being 
investigated. Scraping of the neutralized beam is to 
be avoided as this often leads to emittance growth. 

Variahle beam current at a fixed energy is 
obtained hy, operating the plasma generator on a 
mixture of argon and hydrogen and varying the argon 
fraction to vary the 'proton current from zero to 
design value while keeping the perveance constant. 
This requires careful control of the two gas flows and 
the arc current but does provide variability from zero 
to full current with the emittance decreasing slowly 
as the proton current decreases. The required vari- 
ation of gas flows and arc current are shown in Fig. 
3. 

Variable Proton Current Using Mixed Caaea 
1.0 I 
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\ . \ 
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Fig. 3 Variation in gas flow and arc current 

to give variable beam current. 

From measurements on a test stand, single beamlet _ 
normalized emittance is 0.34 (r rma*mrad for 93% of 
85 mA (total current). For a triangular array, as 
will be used on RFQl, the effective emittance is 2.4 n 
mnemrad and for a full array of 7 apertures, as will 
be used for ZEBRA, the emittance is 4.9 II mn*mrad. 
Spark free runs of 3.5 hours at 475 mA (total 
current), 42 keV have been achieved. 
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RFP Accelerator 

no emittance growth in an 
where 8 is the particle 

velocity expressed as a' fraction of the speed of 
light. Above this limit, emittance growth will occur 
although operation without beam loss is possible if 
the structure admittance is large enough to tolerate 
the increasing emittance until B is larger. The upper 
current limit for 50 keV injection with manageable 
emittance qrowth is ahout 100 mA. RF01 can be ooer- 
ated at 56 keV input hut ZEBRA must have a high ler 
injection energy (75 keV in the present design ). 
Design parameters for the RF0 of RF01 are given in 
Table 3. 

Table 3 

RF01 

Input Energy 
Output Energy 
Input Current 

50 keV 
600 keV 
90 InA 

Output Current 75 mA 
Maximum Electric Field 24.86 MY/m (1.5 * Kp) 
Vane Length 2.32 m 
Vane Voltage V 

Design 73 kV 
Maximum 88 kV 

Average Bore Radius r. 0.464 cm 
Minimum Radius amin 0.399 cm 
CURL1 Current Limit at 300 keV 125 mA 
Nominal Input Conditions 

E (normalized) 3 II mn-mrad 
(I 1.1175 
5 5.454 cmfrad 

Structure Power up to 310 kW 
Beam Power 45 kW 

The large power dissipation makes cooling of the 
structure a major design consideration, with the 
region of rf contact hetween sheel and vanes being 
particularly troublesome. To eliminate the need for 
dynamically adjustahle end tuners with their rf 
contact problems, strapped vanes and adjustable vane 
supports will be used. 

The large beam spill (15 m4) represents a high 
gas load in the RFQ. Adequate pumping will be 
required for the RFQ structure as well as for the 
injector and beam stop. The complete RFQl vacuum 
system has 3 diffusion pumps (25000 L/s), 8 cryopumps 
(16000 L/s), one ion pump (2000 L/s), and one titanium 
sublimator (4000 L/S) for a total pumping capacity of 
47000 L/s. 

The present design value of the maximum electric 
field on the vane surface is 1.25 times the Kilpatrick 
limit (1.25 * Kp) hut it will be operated at 1.5 * Kp 
or higher for improved performance. Typical values 
used in pulsed RFO's are 2.0 to 2.5 l Kp but there 
have been doubts expressed that these can he main- 
tained in a cw device. 
LITL accelerator' 

Recent results on the Japanese 
show satisfactory cw operation at 

1.8 * Kp and an experiment is.in prngress at CRNL to 
measure sparking limits in an unmodulated cw RFQ. For 
RF01 a very conservative limit has been used to ensure 
that an adequate measurement regime is possible to 
determine space charge current limits over a wide 
ranqe of operating parameters. 

A schematic cross section of RFQI is shown in 
Fig. 4 with the region of interest from a beam 
dynamics viewpoint indicated by the central hatched 
square. Within this region the quasistatic approxi- 
mation can he used in which the vane tips are con- 
sidered to be equipotential surfaces and the effects 
of rf currents can he neglected. 

RFQ CAVITY - SECTION VIEW 

Fig. 4 RF01 cro88 section. 

Vane tip shapes have been investigated that allow 
an increased vane voltage for a specified peak surface 
field. In this way focusing fields can he reached 
which are closer to the optimum before being limited 
by sparking problems. Vane profiles considered were 
a) the idealized Z-term potgntial (which cannot be 
built in practice), h) POP style (the radius of 
curvature at the tip is the same as for the idealized, 
hut uses a circular arc rather than hyperbolic), c) a 
constant radius of curvature tip (rather than varying 
with aperture), and d) a tip with constant center of 
curvature. The transmission calculated for the vari- 
ous vane shapes using the computer program PARMTEQ are 
shown in Fig. 5. These curves show how the vane tip 
profile influences the output current. 

Tb-womlo~lon of Rml far different van. tlp pmflhr. 
Calculated 4th PARMTEO urlng a-term potcntbl function. 

Vana voltage odjuotcd to mokm peak flald - 1.25rKllpotrlck. 

Fig. 5 Calculated transmission for various 

vane tip profiles. 
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Participants from the United States, Germany and 
Japan took part in a design review of RFQl held at I. 
Chalk River in June. All aspects from conceptual 
design to mechanical details were involved in the 
review. Suggestions in numerous areas are being 
implemented - in particular. on the mechanical design 
(the' present phase of our work). 2. 

The present status of RFQl is as follows. The 
ion source has heen tested. Soma parts of it will be 
used as they are presently designed and fabricated. 3. 
Drawings are finished for the injector with con- 
struction expected to be finished mid-1984. The 
drawings for the RFQ are expected to be completed at 
;;;6end of 1984 with the RFQ operational at the end of 

. 4. 
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BEAM LOADING AND BEAM INSTABILITIES IN HIGH CURRENT ACCELERATORS 

K.C.O. Chan and J. McKeown 

Atomic Energy of Canada Limited 
Chalk River Nuclear Laboratories 

Chalk River, Ontario, Canada KOJ 1JO 

Sumnary 

Accelerators with intense beams are important 
components of spallation neutron sources. This paper 
suannarizes past experiments and present studies on 
beam induced effects in accelerators with intense 
beams carried out at Chalk River on the Electron Test 
Accelerator (ETA). 

Introduction 

Beam loading and possible beam instabilities from 
beam induced effects are important in accelerators 
proposed for spallation neutron sources. At Chalk 
River, electrons have heen used to study the behaviour 
of syste;2@;e beams in coupled cavity. linac 

Experiments on beam loading wl h a cw 
heam up to 20 mA have examined how changes 4 n load 
impedance of an accelerator structure resulting from 
changes in beam current can be controlled. These 
experiments have measured the changes in coupling, 
quality factor and shunt impedance at different heam 
loading factors, providing information for optimal 
design of high current linacs. At the same time, the 
beam induced TMIIn deflection mode was used success- 
fully 10~ detect the position of the beam 
centroid I . 

The means for a systematic study of beam loading 
and beam stability have been gradually acquired over 
the past seven years. Recently, a pulsed electron 
gun' with 22 nC/pulse has been manufactured so that a 
study of beam excitations of higher order modes can be 
undertaken at a beam intensity typical of recently 
proposed accelerators6. Such modes have serious 
implications for heam stability in high current 
accelerators. The experimental program has been 
complemented hy theoretical work using the computer 
codes SUPERFISH7. URMEL'. RCI' and TBCI". These 
codes have been used to assist with the design of new 
structures and predict the consequences of inter- 
actions between the beam and the structure. 

This paper summarizes past work done at Chalk 
River on the beam cavity interaction and reports on 
the ongoing physics program. This includes the prepa- 
ration for injection of pulses from the pulsed 
electron gun into the graded-6 section of ETA, with 
the aim of demonstrating the space charqe effect at 
high current level, and the physics design for the 
HERA proton ring linac structure, demonstrating the 
use of the design codes in calculating heam induced 
effects. 

Underlying Physics 

When a beam hunch oasses throuah a cavitv. e.a.. 
an accelerating cell 'in an accelerator structure; 
transient cavity electromagnetic fields are induced in 
the cavity volume. Figure 1 depicts a time sequence 
of a heam bunch passing through a pair of accelerating 
cavities. The amount of energy II deposited in the 
cavity is equal to the square of the charge q in the 
hunch multiplied by a proportional constant k which is 
a function of cavity geometry and material only. The 
excitation of the cavity can further be expanded into 
eigenmode excitations. Th excitation of an eigenmode 
is governed by the Condon" formula: 

d2pm "m dpm 

F',, 
- + lu; pm = "m 1 ?*rrn d3r 

% 

where pm = eigenmode expansion coefficient 
wm = mode angular frequency 

Em = mode electric field 
J = heam current density 
Qm 7 mode quality factor 
Urn = mode stored energy = l/2 co 1 frn*fmd3r 

This has the form of the equation for a forced har- 
monic oscillator. In the case of a cw beam, if the 
hunch frequency is close to the frequency of an eigen- 
mode or its harmonics, the resonant excitation con- 
dition will drive the excited mode to an amplitude 
significantly in excess of its transient value. 

A beam particle experiences the induced fields 
from all the previous particles in addition to the 
externally applied electromagnetic fields. In recent- 
ly proposed accelerators, because of their high 
current, the effects of these induced fields are very 
significant. They can affect the beam emittance and 
rf controls in various ways besides being a sdurce of 
energy loss which must he compensated. The longi- 
tudinal electric fields induced by charge at the head 
of a hunch tend to slow down the particles at the tail 
and give rise to a variation in particle energy within 
the bunch. The resonantly induced fundamental mode 
field gives rise to a beam dependent component of rf 
acceleration which the control loops have to compen- 
sate hy adjusting the drive to the external rf 
source. The dipole mode transverse magnetic fields 
will deflect heam away from the axis. The quadrupole 
mode fields give rise to beam dependent focusing and 
defocusing forces. Therefore, in order to obtain a 
stable beam system under heavy beam loading and avoid 
beam induced instabilities, beam induced effects must 
be studied in detail. 

Pas,t Experiments with Intense Beams 

The beam loading experiments have been described 
in detail in references 1 and 2. The graded-l 
structure of the Electron Test Accelerator was used to 
deliver a cw electron beam up to 20 mA at 1.4 MeV, and 
beam loading experiments were carried out in a ~4 
structure. The latter is a side-coupled structure 
consisting of 18 accelerating cells. Both structures 
operate in the n/2 coupled mode of the TMOIO-like 
passband at a frequency of 805 MHz. Ream loading of 
80% was achieved in the a=1 structure at an average 
accelerating gradient up to 0.2 MV/m. 

Under high beam loading conditions and at differ- 
ent field gradients, the progressive shift from over 
to undercoupling hetween the accelerating structure 
and the rf source was ohserved. No significant change 
of the shunt impedance was found for accelerating 
gradients of 0.1 to 0.8 MV/m and heam loading factors 
of An to In%, respectively. The relationship between 
the admittance phase angle and the heam phase angle 
was found to he a strong function of beam loading. 
41~0 the beam induced power at the operating mode was 
observed to vary as the square of the current. These 
experiments provide necessary design information for 
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systems at the more economically 
of 1 MeV/m and beyond. 

desirable gradients 

The beam position monitors 
references 3 and 4. The beam 

were described in 
induced TMIIO mode 

oscillation in a cavity, often a major cause of beam 
instability hecause of the mode magnetic field normal 
to the heam, was used to advantage for detecting beam 
displacement. The heam pasition was measured by 
measuring the beam induced power that is proportional 
to the square of the product of the beam current and 
heam displacement. The position information obtained 
correlatefzwell with that derived from self-powered 
detectors and had a position sensitivity of 0.14 
mW*mn-Ili!*mA-I/2. The position information was 
suhsequently used in a feedback loop to control the 
drive current in a steering magnet upstream, thereby 
maintaining the beam on axis. At 1 mA, the beam was 
maintained on axis to better than a fraction of a 
millimeter. 

Present Work with Intense Ream 

Pulsed Electron Gun Injection 

Fabrication details and properties of the pulsed 
gun have been described in reference 5. The gun pro- 
duces electron pulses at 5 ktlz with 1.4 x 10" 
electrons (27 nC) per pulse and a pulse half width of 
3 ns. This section describes the calculations of the 
iniection of these hi9h intensitv pulses into ETA, 
including space-charge-effects. Similar calculations 
have been report d 
laser at LANL'$ 

recently for the free electron 
and for the Stanford Linear 

Some beam properties in the injection line are 
shown in Fi9. 2. A series of four coils (Kl-K4) are 

'~ re;uired to- produce an approximately uniform lbngi- 
tudinal magnetic field of 15 mT to compensate for the 
transverse space charge force along the hunching 
distance between the buncher and M4 accelerator. A 
qap lens (LlP is used to tailor the beam for injection 
:&,"hi; length and another gap lens (L?) for going 

. The transverse heam envelope is also shown. 
With no huncher power, the scalloping of the beam 
envelope is limited to 0.2 mtl around a beam radius of 
Qmm. With the huncher turned on, the radial huncher 
field produces a time dependent deflecting force on 
the off-axis particles and increases the effective 

I transverse emittance of the beam. This effect 
increases with larqer beam radius. At a beam radius 
of 9 nln? the estimated increase in divergence of 
9 mrad will increase the effective beam emittance by 
as much as 10.31 n*cm*mrad compared to the gun in- 
trinsic emittance of 5.66 n*cm*mrad. This effect is 
included in the calculations and results are shown as 
the dashed curves in Fig. 2. 

Results of longitudinal bunching calculations are 
shown in Fia. 3. In the calculations. the electron 
pulse is represented by disks of charge distributed 
alon the axis. Each disk is further divided radially 
into-two rings. The radii of these rings are assumed 

* to he constant. The forces taken into consideration 
are the buncher field and Coulomb forces between the 
rings and their image charges on the heam pipe. 

With a huncher peak voltage of 0.79 kV, the heam 
continues to hunch up to fin cm from the buncher with 
fin% of the electrons falling into a phase interval of 
lono. After 6D cm, the density of electrons at the 
center of the hunch becomes very large producing a 

,debunching effect as demonstrated by the hunch 
widening at 80 and inn cm. Results also show that the 

space charge effects are milder for the outer rings 
because they receive greater compensatina forces from 
the image charges on-the beam pipe. Therefore, at 
this buncher voltage and a current level of 5.2 A, the 
bunching efficiency is limited by the longitudinal 
space charge effect. 

HERA Proton Ring Structure Design 

HERA6 is a proton-electron collider desianed for 
820 GeV protons .and 30 GeV electrons or positrons at 
the DESY laboratory in Hambur9. The proton beam 
contains high density bunches with '3 x 10" 
protons/bunch. At an accelerating gradient of 0.868 
MV/m and an average beam current of 0.53 A, the beam 
loading is as high as 94%. Calculations show that the 
induced field in the accelerating mode is 0.8 MV/m 
which is of similar magnitude to the field from 
external rf sources. 

Figure 4' shows a proposed l5 cavity geometry 
(?nR.5 MHz) derived hy scaling the dimensions of an 
optimized PETRA cavity (500 MHz). Thf scaled geometry 
was further optimized with SUPERFISH calculations by 
vat-ying the gap length to give maximum ZT2 of 27.74 
mQ/m at a ratio of gap length to cavity length (g/L) 
of rl.56. 

The beam induced fields in t$e cavityawere talcu- 
lated with the codes SUPERFISH , URMEL , RCI and 
TRCI’* (Fig. 5). For axially symmetric modes, the 
energy loss to higher order modes (khm) is 1.13 
times the energy loss to the fundamental mode and 
increases with larger gap length. The total energy 
loss to all axially symmetric modes (kT) is 0.293 
V-PC-1 em-1 and increases by 10% due to the 
increase of khm when g/L increases from 0i5 to 0.7. 
The energy loss parameter kilo to the first dipole 
mode ITMlrn-like) is 0.0053 V*pC-l-m-1 and 
decreases F&"7OX when g/L increases from 0.5 to 0.7. 
The opposite trends of khm and kIID indicate that 
there is an optimum g/L value for loss of energy to 
higher order modes. The optimum value can be obtained 
hv usino the above information with the shaoes of wake 
functions calculated from RCI and TRCI in beam 
dvnamics trackinq proqrams like WAKETRAC16. which has 
heen successful- in -predicting the threshold heam 
current, 
rings". 

and energy and phase spread in PETRA and LEP 
Ream instabilities for a wake field acceler- 

ator bave been similarly studied16. It is apparent 
from these calculations that the conventional method 
of accelerator structure optimization by changing the 
shape to improve the shunt efficiency is inappropriate 
for high current accelerators. Indeed.at high beam 
loading the overall efficiency must be optimized by 
considering fields excited by an external source and 
those by the beam. 

Conclusion 

Understanding of the beam cavity interaction is 
increasing. Effects of beam loading in a biperiodic 
coupled structure were observed and beam induced 
TYIID mode fields in cavities were used successfully 
to measure beam displacement. The injection of the 
beam pulse from a new high intensity pulsed gun was 
studied. At a current of 5.2 A, the bunching 
efficiency was limited hy the longitudinal space 
charge forces. The time dependence of radial buncher 
fields was found to introduce significant beam 
emittance growth. nesign codes were used to ohtain 
information on beam induced fields in a orooosed HERA 
proton ring accelerating cavity. This information can 
he used for cavity design and beam stability studies 
with beam dynamic tracking computer codes. 
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CAVITY EXCITATION BY CHARGED BUNCH 
. WAKE ELECTRIC FIELD - 

ON-AXIS 
COUPLED CAVIT(ES 

(C/z = 2.415 GHz) 

.25 nr 

.42 nr 

.59 nr 

.76 nr 

Fig. 1. A time sequence of a heam bunch passing 
through a pair of accelerating cavities. 
Induced electric fields are shown as calcu- 
lated using the computer code RCI. Time 
zero is when the leading edge of the hunch 
enters the first cavity. 
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Fig. 7. Transverse beam envelope calculation. Ll, L2 
= gap lenses; Kl, K2, K3, K4 = coils; M4 = 
accelerator, R = rf buncher. The solid curve 
is beam radius with buncher off and the 
dashed curves are with huncher on. 
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Fig. 4. A proposed cavity shape for the HERA proton 
ring lfnac. A half cell fs shown with the 
left boundary at the middle of the cell. 
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Fig. 3. Calculated longitudinal bunch shape with hunching distance for a current of 5.1 A. 
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Fig. 5. The energy loss parameters. 
are for cylindrical symmetric modes. 

khm and Tl; 

calculation was done for a gaussian beam 
hunch with u = 15' B-1 is defined as 
kh,,,/k, and is a measure of the amount of 
energy gning to higher order modes. 
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CONDENSED MATTER PHYSICS WITH NEUTRONS 

R N Sinclair 

Materials Physics Division, AERE Harwell 
Didcot, Oxon, OX11 ORA, UK 

The basic principles of the usage of slow 
neutrons as a probe for the study of condensed matter 
are presented and discussed. Various categories of 
experiment are defined and illustrated to show the 
limitations of existing neutron sources. The,possib- 
ilities opened up by the introduction of advanced 
accelerator based sources are examined and the import- 
ance of simultaneously decreasing relative background 
counting rates is emphasised. I 

INTRODUCTION 

The use of slow neutrons as a probe for the study 
of the properties of condensed matter has grown cont- 
inuously since the first research reactors become 
available. Physics, in the title of this paper, 
must now be taken to include chemistry, biology and 
metallurgy in both pure and applied forms. Over a 
thousand papers based on the results of neutron 
scattering expyrhments are published each year. 
Recent reviews , have emphasised the breadth and 
depth of information being produced from all types of 
source while the proceedings of ICANS-VI3 gives a 
good illustration of the quality of data obtained to 
date using accelerator-based sources. Today even the 
UK is prepared to spend the equivalent of more than 
US$ 20M each year on the provision of neutron sources, 
experimental equipment and manpower for pure condensed 
matter research with neutrons. At AERF Harwell, as 
well as our pure research programme of neutron based 
experiments, we have an applied neutron programme 
which yields a significant income from research and 
development programmes. Some of them come from within 
the UKAHA, others from other government departments 
and private industry. I have found myself investigat- 
ing copper clustering in pressure vessel steels, 
metallurgy of maraging steels, the structure of nuclear 
waste storage glass and low energy methods for the 
production of ceramics and glasses. 

If we take the facility at the Institut Laue- 
Langevin as a model for an advanced neutron source, 
then about 500 experiments can be expected to be per- 
formed each year which will result in about 400 . 
research papers in the open literature. Some papers 
will have greater scientific significance than others. 
These statistics will depend on the scheduling policy 
adopted and it could be decided to aim for a lower 
throughput of key experiments. 

Why is the slow neutron such a useful probe into 
the condensed state when available flux has been so 
much lower than for electromagnetic radiation sources? 
Put at its simplest, the reasons are fourfold. 

- Slow neutron wavelengths (0.1 - 10 8) are of 
the order of interatomic spacings and energies 
(.OOl - 10 eV) covers the range of excitations 
up to binding energies. 

- The interaction with the nucleus is via scat- 
tering lengths b(A, IA+ 4) which varies 
unsystematically with both variables. A is 
the atomic weight of the isotope and IA the 
nuclear spin. 

- An interaction between the magnetic moment of 
the neutron and that of the ion produces a 
magnetic scattering length. 

- The mean free path in an average sample is a 
few centimetres. 

These properties combine to make the particle 
ideal for studying both structures (atomic and magnetic) 
and dynamics using bulk samples. The almost random 
variation of b ensures that structural information 
usually complements that from X-ray studies and provides 
the opportunity to vary the isotopic content and give 
extra information. When observing excitations, 
finite momentum is always transferred to the scattering 
system allowing, for example, dispersion to be 
uniquely investigated. 

THE MEASURED-CROSS SECTIONS 

The experimentalist places his sample in a beam of 
either white or monochromatic neutrons and measures 
the scattering from his sample with or without final 
energy and scattering angle analysis. Table 1 shows 
the relationship between the quantity measured and the 
information obtained. E and E1 are the neutron ener- 
gies before and after scattering, respectively, and 20 
listhe scattering angle. A complete measurement of 
the double differential cross-section over a wide 
range of energy transfer and scattering angle or inc- 
ident energy contains all the information to describe 
the structure and dynamics of the system (extracting 
the information may well need more than one experiment). 
According to Van Hove4 

s C&w) (1) 

where S(Q,w) = 1 
???I 

exp i(Q.r -- - wt)G(r,t)dcdt (2) 

The wave vector transfer 4 has magnitude 

2mn (R + R1 - 2@'sE1 cos 20) 1 i is- 
and the energy transfer w is given by 

+w = E-E' 

The double differential cross-section is thus 
related to a double Fourier transform of G(L,t) a 
space-time correlation function. With present neutron 
sources the complete function is rarely measured com- 
pletely enough in both variables (Q and w) for struc- 
tural information to be obtained. This is found from 
G(r,o) (elastic scattering, w = 0) or G(r,O) (total 
scattering, S(Q) via a single differential experiment 
without final energy analysis. This means that 
corrections have to be made for the effects of inelas- 
ticity in the experiment. Limited structural infor- 
mation can be obtained from an even simpler 
measurement; that of the total scattering cross- 
section as observed in a transmission experiment which 
integrates over both final energies and scattering 
angles. 
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EXAMPLES 

I have chosen three examples of areas where pulsed 
neutron experiments at accelerator based sources are 
attempting to solve long standing problems in respect 
of three very common materials - mild steel, vitreous 
silica and ice. It perhaps means that the new sources 
are performing as expected if useful contributions can 
be made for such well studied materials. Most of the 
experiments w:re made at the Harwell electron linac 
pulsed source which has a low fast neutron source 
strength at present of 1014 fn/sec and thirteen 
instruments in routine operation or development. 

Internal Stress in Steels 

Internal stresses within a sample are difficult to 
measure but can be important. Weld failures may arise 
from propagation of cracks due to residual stress 
around a weld. Conventional measurements are made 
with strain gauges and a stripping technique or X-ray 
diffraction which only observes surface strains. 
Other techniques are very sensitive to texture. 
Neutron diffraction experiments6 can observe stress in 
a bulk sample via a corresponding lattice strain. 
There is an extention of the lattice spacings d along 
the stress and a contraction perpendicular to the 
stress and a fractional change is observed between 
10-3 and 10-A. Experiments on welds of commercial 
importance are underway with the aim of optimising the 
welding technique. Recent measurements have revealed 
the variation of the strain for different lattice 
spacings and directions in an experiment with a 
rectangular bar stressed beyond its elastic limit. 
Work is in hand to try to reduce the data via the known 
elastic constants to see if’a simple interpretation is 
possible. The widths of the observed Bragg peaks is 
also a function of the stress and indicates the regions 
where microscopic strains occur. 

The shifts due to stress can also be seen in a 
measurement of the total cross-section as a function of 
wavelength (X) since an edge is produced when X = 2d. 
The edge is assumed to be rectangular and appears broad- 
ened only by the resolution function of the spectro- 
meter and any material effects. Recent data from a 
transmission spectrometer on the same bent steel bar 
have shown that the edges can be fitted accurately and 
used to derive the average strain through the bar. 
The results so far are in good qualitative agreement 
with the diffraction results and show that strain 
measurements can be made very rapidly by this technique. 
With the increasing availability of area neutron 
detectors, it may be possible to make stress measurements 
simultaneously with millimetre resolution and perform 
stress radiography. 

Structure of Vitreous Silica 

This subject has been brought $0 the forefront 
again by a recent paper by Phillips . Over recent 
years a continuous random network model of Si04 . 
tetrahedra has been accepted as satisfying the exper- 
imental evidence from many techniques. Phillips 
believes that the failure of’such models to predict 
the details of observed vibrational spectra means that 
a model based on paracrystalline regions is necessary. 
He supports this view by citing some electron micro- 
scopy evidence and also the failure of hand built and 
computer built random models to fit the measured total 
pair correlation function. His model comprises 50 A 
diameter paracrystalline regions of B-cristobalite 
with surfaces stabilised by a large number of Si = 0 
bonds. Pulsed neutron experiments offer the best 
opportunity to study the Si - 0 bond length distribut- 

ion and9coordination. Gaskell* has compared our 
results to a variety of random network models and 
finds the comparison to be relatively insensitive to 
the medium range structure or topology. However none 
of the models gives a good representation of the data 
in this region. The evidence for the existence of 
Si = 0 would come from an analysis of the first peak 
in the correlation function. To date there is no 
evidence for a distribution of bond lengths suchlts 
might be given by a mixture of Si - 0 and Si = 0 
The way forward however is clear in this respect. 
More accurate diffraction data to Q Values up to 
60 A-1 will reduce experimental widths in the correl- 
ation function and enable a more accurate analysis of 
the first peak. 

Phillips basic objection is however to the pre- 
diction of polarised Raman spectra and the density of 
vibrational states as measured by neutron inelastic 
scattering. Raman spectroscopy is difficult to 
interpret uniquely so a full high resolution measure- 
ment of S(Q,w) is needed to derive a density of states 
that can be closely compared to model predictions. 
The source at Harwell is not capable of this and 
progress must await experiments with progressively 
stronger sources. 

The Dynamics of Ice 

Although the vibrational spectra of H20 at low 
temperatures has been extensively studied, it is only 
the advent of accelerator based sources with a rel- 
atively rich epithermal energy spectrum that has 
allowed neutron measurements to reach the intra- 
molecular vibration region with any accuracy. The 
problem has been that the vibrational density of 
states extends up to nearly 0.5 eV. As well as 
being of interest to established the force constants 
applying to the ice structure for its own sake, it is 
hoped that a thorough understanding may lead to a 
better picture of the structure and dynamics of 
amor hous ice and water. 
year Pl 

Measurements published this 
have at last succeeded in obtaining a clear 

picture of features in the density of states to its 
upper limit. The width of the O-H stretching mode 
was found to be in close agreement with optical data. 
A more corn 
with IPNSlq 

lete experiment has recently been performed 
spanning a region of S(Q,w) which enables 

the assignment of features to be critically examined. 
One of the great advantages of neutron spectroscopy 
over optical spectroscopy is the absence of selection 
rules. 

The other major advantage lies in the ability to 
directly measure the dispersion of excitations in 
chosen directions in a single crystal sample. In an 
experiment with the Constant-Q spectrometer at Harwell, 
the dispersion of the O-D stretching modes in a single 
crystal of heavy ice was observed13 for the first time. 
Several flat branches were found in the energy range 
between 230 meV and 330 meV. Although this was an 
incomplete experiment, it did demonstrate the capabil- 
ity of accelerator based sources to provide the most 
detailed dynamical information in previously inaccess- 
ible region of energy transfer. 

POSSIBILITIES WITH ADVANCED SOURCES 

Almost all of the results discussed above come 
from experiments with a low flux accelerator-based 
source. It is interesting to speculate on the effect 
of increased source strength on the scientific applic- 
ations. 

4 Improved Statistical Accuracy and/or 
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Resolution 
- leading to more detailed and accurate 

interpretation. 
b) More Samples can be Studied 

- systematics in alloy systems, temperature 
variation etc, can be extended. 
Applied experiments become more attractive. 

C) Smaller Samples can be used 
- isotopic substitution with rare isotopes 

becomes possible and the study of 
difficult to grow single crystals. 
Small samples mean easier to make multiple 
scattering corrections. 

d) More Accurate Techniques can be employed 
- more structural derivations based on 

S(Q,w) measurements or elastic diffraction, 
more polarised neutron experiments. 

e) New Experiments 
- mainly deriving from the rich epithermal 

spectra or the pulsed nature of the source. 
An extended range of excitations involving 
small cross-sections could become possible. 
Diffraction with short wavelength neutrons 
can minimise corrections for inelasticity. 
Kinetic experiments on relaxation 
phenomena. 

The count rate an experimentalist records contains 
two components. Firstly, the signal from the sample 
whichis proportional to the flux incident on the 
sample, the number of atoms in the beam and the 
desired cross-section. Secondly, there is a back- 
ground component which has to be measured separately 
and subtracted. The consequences c) d) and e) 
above in particular rely in many cases in improving 
the signal to background ratio as the flux on the 
sample is increased by moving to a more powerful 
.source. This arises since the criterion for a min- 
imum sample size or limit of energy transfer often 
comes from an unacceptable signal to background ratio. 
The requirement is that the background does not go up 
in proportion to the flux on the sample. Pulsed 
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'ABLE 1 

accelerator-based sources are in a favourable sit- 
uation here since the fast neutron source is switched 
off during the experiment. The remaining problem 
is to deal with the fast neutrons which have inter- 
acted with the sample and shielding materials and 
this becomes more important as the neutron energy 
used in the experiment is raised. In this energy 
region (>l eV) the background in the beam itself can 
be important and it is no longer good enough to remove 
the sample to measure the background, This dis- 
cussion emphasises the need for innovatary source, 
beam tube and instrument design as the flux is raised, 
so that scientific results can be gathered in new 
areas. 
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SumarQ 

Prospective high intensity pulsed neutron sources 
should have profound implications in nuclear and par- 
ticle physics not only in studies involving neutrons 
but also neutrinos and muons. This talk surveys the 
physics interests in the experiments that can be 
performed. The running conditions and target require- 
ments necessary to optimize each experiment are also 
discussed. A comparison is made between the experi- 
mental results possible at current facilities and those 
possible with the highest intensity sources under 
consideration for the future. 

Introduction 

The development of high intensit 
sources (10 to 200uA) at Tsukuba, I 

pulsed neutron 

Ala~os .3 
Argonne,j! Los 

and Rutherford4 laboratories will open new 
frontiers in nuclear and particle physics just as they 
are now doing in condensed matter research. Other 
sources of still higher intensity (%I&) as porposed at 
Julich5 and Argonne6 should extend this research 
even further. As scientists look deeper into the 
potential of these sources, it becomes evident that 
they will be important not only for neutron related 
studies but also for neutrino7@S and muon9 studies; all 
of which have generated great interest in the physics 
cosssunity. 

For nuclear physics studies the energies of tbe 
various probes, neutrons, neutrinos and muons available 
from these pulsed sources (- many MeV) match the 
levels inside the nucleus. Furthermore, the high in- 
tensities produced permit searches for rare processes 
to test symmetry rules in particle physics. The pulsed 
nature of these sources reduces backgrounds and allows 
energy determination by time-of-flight techniques. In 
the next section I will discuss in detail the advan- 
tages and unique capabilities that pulsed sources 
provide for each type of particle probe. I will 
emphasize the running conditions that will optimize 
each case. Because of familiarity, I have relied’on 
event rates, etc., as observed at the neutron 
scattering WNR) complex at Los Alamos (see Fig. 1); 
however, extrapolations can easily be made for per- 
formance at other sources. 

The last section of this talk describes specific 
experimental topics to be addressed at high intensity 
pulsed sources of neutrons, neutrinos and.muons. The 
list is by no means intended to be a complete overview 
but to provide more of a flavor for the physics of 
interest. 

OotiffliZed Runninr Conditions 

Neutrons 

A large class of nuclear scattering experiments 
require neutrons from the high energy part of the spec- 
trum (0.1 to 800 HeV) generated in spallation sources, 
but not found in reactor beams (see Fig. 2). Short 
pulse widths are required to allow a determination of 
the neutron energy by time-of-flight techniques. 
Because of the higher energies involved moderators and 
reflectors are not relevant and usually thinner 
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Fig. 1 A schematic diagram of the WNR complex at Los 
Al&os National Laboratory is shown. Existing and 
future facilities are pointed out. 

diameter or shorter length targets than used for 
condensed matter research are employed so as not to 
degrade neutron energies or pulse widths. Also, as 
discussed below. the target has a higher-2 to enhance 
neutron production than that required for neutrino or 
muon production. 

Neutrons in the 0.1 to -100 UeV range can be viewed 
at right angles to the incident proton direction. This 
requires a thin diameter (-lcm) tar@z in order not 
to degrade pulse widths. The best energy precision in 
time-of-flight requires pulses <-lns wide, which is 
more restrictive than that required for condensed 
matter research. The very high energy neutrons 0100 
IfeW are produced at small angles and require a short 
target to maintain pulse widths. Here pulse widths of 
a fraction of a nanosecond are required for best 
results. For neutrons produced near O” there is 
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another potentially useful feature. A high polariza- 
tion due to Schwinger scatteringlO can be achieved. 

Another class of particle physics experiments 
requires neutrons at the opposite end of the spectrum, 
i.e., ultracold neutrons (IJCN) . These long wavelength 
neutrons can be stored for long periods in material 
bottlesll thus increasing the measurement time for 
experiments on fundamental properties of the neutron. 
A Doppler-shifting technique has been developed at 
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Fig. 2. High energy neutron production cross sections 
for various target materials are given for 800 HeV 

incident protons. The data were taken at Los Alamos. 

Argonne12 to generate UCN at pulsed neutron sources. 
It has been shown that UCN can be stored with this 
technique at a density corresponding to the peak inten- 
sity of the source, which can be much higher than at a 
reactor. 

A UCN source can use the same target-reflector 
system required for condensed matter research with the 
addition of a cold moderator. However, for optimum 
running conditions the moderator should be isolated 
from decouplers and poisons that absorb the low energy 
tail of the neutron spectrum. Furthermore, to take 
full advantage of the peak intensity of the source. the 
Doppler-shifter should be placed as close to the moder- 
ator as practical to avoid pulse broadening due to a 
long flight time. For example, if the Doppler-shifter 
were placed 500 cm from a cold moderator at the UNR and 
using 100uA of Proton Storage Ring (PSR) bean. it is 
estimated that a 3OP bottle can be filled to -250 
UCN/cm3. The Doppler-shifter makes use of neutrons 
around 4OOm/ s . Their pulse width after the 500 cm 
flight path is -250~s which matches the pulse width 

emerging from the cold moderator that is dominated by 
the neutron slowing-down time. Of course if the pulse 
rate can be increased, as planned at higher intensity 
sources, 5 the filling rate will permit larger bottles. 
Nevertheless, the stored density of UCN cannot be 
increased unless the peak neutron flux is increased. 
This may be possible at the higher intensity sources5 
with the addition of accumulator rings or at the UNR 
with a boosted target yielding more neutrons per 
proton. 

Neutrinos result from pion production in the 
source. The pion decay chain yields neutrinos through 
the reactions 

P+N + v+ + X 

L u+ + vu 

L, - e+ + vu + ve . 

(1) 

If a s- meson decays, the neutrinos and anti-neutrinos 
in (1) are interchanged. Thus by sign selection of 
pions. a pure beam of one type of neutrino over another 
type can be generated. Another way to isolate a 
specific type of neutrion is by timing. The pion decay 
time is 26ns while that for the muon is 2.2us, allowing 
in principle a separation of the various neutrino types 
in the decay chain (1) if the incident proton burst has 
a width no more than a few hundreds of nanoseconds. In 
the discussion that follows I will discuss the three 
major methods to produce neutrino beams and their 
properties; (i) beamstop sources; (ii) in-flight pion 
decay beams, and (iii) muon bottle sources. 

In the beam stop source, such as the one in 
operation at the Los Alamos Heson Facility (LAHPF) line 
A beamline.13 a long target with a large diameter is 
employed to interact all the protons, to contain the 
generated pions and to degrade their energy until they 
come to rest. Capture rates for s- mesons are 
large in all substances and they are eliminated by 
absorption before they can decay. Capture rates for *+ 
are small if low-2 targets are used. Thus, only s+ 
mesons and their associated neutrinos survive. The 
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pig. 3. The neutrino energy spectra for each type of 
neutrino produced in a beam stop source is showa. 
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subsequent u+ from these decays will also come to 
rest in the target and decay. The energy spectrum of 
the resulting neutrinos is shown in Fig. 3. Note that 
the stopped pion decay is two-body and results in a 
nonoenergetic vu -30 BeV and with a line width of a few 
keV . The muon decays yield neutrinos with a niche1 
spectrum. 

Fluxes of 5 x lo7 v/cm*-s for each neutrino 
type have been observed at a 6 m distance from the 
LMPF line A beam stop with an incident current of 
6OOpA of protons at -600 HeV. One disadvantage of the 
LABPF source is the long pulse width C-500 us) making 
it impossible to separate neutrinos by timing. At 
LAWP this will be rectified when the PSP is 
available.7 At the Spallation Neutron Source (SNS) 
in England, a stopping beam of neutrinos has been pro- 
posed using the same target where spallation neutrons 
are being, produced.* This latter ‘source will not be 
optimized because of the high-2 material in the target 
which will result in half the (I* mesons being absorbed 
when compared to the Cu-water beamstop at LANPP. IWan 
so* the reduced pulse width at the SNS C-lOOns) does 
permit timing separation of neutrino types and the SNS 
experiment will have a lower cosmic ray background rate 
in the detector than the on-going LABPF experiment.13 
This should permit lower energy thresholds to be used 
resulting in comparable event rates for the two 
experiments. 

Higher energy neutrino beams can he produced by 
in-flight decays of pions and muons. In each case, a 
low-Z target (generally carbon) with a small diameter 
is employed which permits the’ generated pions to escape 
without much absorption or energy loss. The pions are 
permitted to traverse a 12-m-long free region of space 
and decay in-flight (see Fig. 11. Because the pions 
are moving upon decay, the neutrinos are generally 
directed forward so the detector is placed at the end 
of the decay channel but behind about 9 m of iron 
shielding which keeps neutrons from the target from 
striking the detector. Both w+ and v- escape 
the target and decay in-flight yielding vu and 

% fluxes with energy spectra shown on Fig. 4 for 
an 800 BeV incident proton beam. 

M IW 154 

Ru (I(eV) 

Fig. 4. The neutrino energy spectra for an in-flight 
pion decay source are shown for 800 BeV protons 
incident on a carbon target.. 

shown on Fig. 5. It turns the large angle pions 
parallel to the decay channel axis such that their 
decay neutrinos are more likely to hit the detector. 
In Ref. 7. it has been estimated that vu fluxes in 
excess of 107v/~m*-, and C,, fluxes of ‘1.5 x 106 
up/cm*-8 are possible for lOOnA of incident protons at 
800 NeV. The horn can sign select the pions by de- 
focusing the unwanted ones, yielding pure beams of 
either vu or g,,. The beam is also free of ve back- 
ground to the 0.1% level. These can’arise from the 
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Fig. 5. A magnetic pion focusing device composed of a 
single current sheet is shown schematically relative 
to the production target. 

muons which originate from pion decays in the channel. 
However, muons require a decay path of many kilometers 
due to their long lifetime and this accounts for their 
low number of decays for a 12m decay channel. (Below. 
I discuss how pure ve beams can be generated by employ- 
ing muon bottles.) 

The parent pione in the decay channel have 
relatively low energies and are not relativistic. This 
fact and the large pion energy spread results in a 
useable correlation between the kinetic energy of the 
neutrinos and their arrival times in the detector. If 
a pion decayed close to the target, the neutrino moving 
at the speed of light vould arrive in the detector (a 
distance -2lm) in -7Ons. If part of the flight 
path were taken up by the pion before it decayed, the 
time of arrival would be later for the neutrino with 
the time difference given roughly by 

The pion beam originating off the target has a 
broad angular divergence and as much as an order of 
magnitude increase in neutrino flux can be gained 
through a magnetic focusing device placed in the pion 
beam. This “horn” device is a shaped current sheet as 

where 8 is the pion flight path. Taking 8 -6m (half 
the decay channel length), and 0.75<8<1 for pions 
produced by 800 neV protons, the arrival time dif- 
ferences have a range from 0 to 5ns. The higher energy 
neutrinos are the products of the higher energy pions 
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(larger j3) and it is expected these neutrinos will 
arrive sooner in the detector than the lower energy 
ones. 

Another factor which enhances the timing separation 
is that the neutrino production angle is thrown more 
forward in the laboratory as the pion energy increases. 
Thus, a low energy pion decaying near the target is 
less likely to have its neutrino hit the detector than 
a similar pion decaying at the far end of the decay 
channel. This is because the ratio of detector solid 

Fig. 6. The neutrino-energy-arrival-time correlation 
in the detector is shown as computed using a Wonts 
Carlo calculation. 

angle to the decay solid angle is less at the target 
end of the decay channel than it is at the detector 
end. Therefore, the low energy neutrinos in the detec- 
tor will have resulted from pions\ that travelled a 
large portion of the flight path at the relatively low 
j3 yielding the longest arrival times. 

The results from our Monte Carlo computer 
simulations7*33*34 for the WR neutrino beam is shown 
on Fig. 6. All neutrinos above -60 IfeV cross the 
same plane in the detector separated by at most Sns in 
arrival times. This fortuitously matches the LAHPF 
pulse microstructure which is 1/4ns wide pulses 
separated by Sns. We find that the average neutrino 
energy decreases by -20 MeV/ns and in each Ins wide 
bin the energy spectrum has a Ao/E - 12 to 16%. 
This can be compared to the time integrated spectrum 
which has a 35% width. Therefore measuring neutrino 
arrival times in the detector relative to the LAWP 
microstructure should yield an unprecedented precision 
on the incident neutrino energy for such experiments. 

As I pointed out, the timing-energy correlation is 
a result of the relatively low energy pions generated 
at LAUPF. Some portion of this correlation will 
probably survive for incident proton energies up to a 
few hundred BeV higher in energy. but probably 
disappears around 1.5 to 2 GeV where most pions are 
relativistic. Though I have not investigated the 
correlation at higher energies, I believe that longer 
decay channels (>12m) will be necessary to enhance any 
residual effect. 

As one final remark about the timing correlation, 
neutron backgrounds in the neutrino detector resulting 
from proton interactions in the target and beam stop 
arrive at times >20ns relative to the neutrinos. 
Unfortunately, frame overlap does not permit a separa- 
tion of these neutron backgrounds using the LAMPP 
microstructure. In some neutrino experiments where 

event rates are relatively high but low neutron back- 
grounds are important, the PSR in the short pulse mode 
(Ins wide pulses at 720HZ) may provide a means to 
perform these measurements in a background free 
environment while allowing full advantage of the 
neutrino energy-timing correlation as well. 

All of these timing considerations should be kept 
in mind for future generations of pulsed sources. It 
may be important to retain some microstructure in the 
beam at the highest intensities, even if this means 
throwing away some of the flux by chopping, to obtain 
the highest precision measurements. 

The last neutrino source I wish to discuss uses a 
muon bottle.14 In order to obtain higher energy 
electron neutrinos (v,) from muon decays than 
result in a stopped source, an in-flight method is 
necessary. However, the long muon decay timas translate 
into long* flight paths. The only practical means to 
produce a source is to bend the muon path into orbits 
in a magnetic trap. A low-2 target is embedded into a 
dipole magnetic field such that pions emerging from the 
target are trapped in orbits in the magnet gap. The 
pione decay and a portion of the muons are also trapped 
by the field. In Ref. 14. it is estimated that a 
source of ve. can be produced with a relatively 
planar flux of about lo6 v/cm2-s for 100 uA protons in- 
cident on the target. The optimum proton energy 
depends in part on the magnet pole face diameter and 
on the field strength. For a ST field in a l.Sm 
diameter gap a proton energy near 650 UeV is optimal. 
Noone has yet made a muon bottle as it requires super- 
conducting technology in a high radiation field. It 
should be pointed out that all the timing separation of 
neutrino types discussed above for the besmstop source \ 
apply.to the muon bottle as well. 

Wuons are the decay products of pions through 
reactions given in (1). There are two types of muon 
sources; (i) a surface beam, and (ii) an in-flight pion 
decay beam. Both sources require a target of low-2 
material with a thin diameter (-Scml to reduce 
absorption of the parent pions. In general, low momen- 
tum muons (<80 MeV/c) are desired for most applications 
and these are the products of low momentum pion decays 
K160 WeV/c) which have a maximum production at angles 
greater than 90’ off the target (backward angles).‘) 
Because the target parameters are similar for in-flight 
neutrino production as well as muon production it may 
be possible to have a combined production target; tbe 
neutrinos originating from higher energy forward pions 
and muons originating from lower energy backward pions. 

A surface muon beam arises from tbe decay of 
positive pions at rest in the skin of the target. Such 
muons have a momentum of SO MeV/c and are 100% 
polarized. Negative muons cannot be made this way 
because all stopped W- mesons are absorbed in the 
target. Negative muons or higher momentum positive 
muons are obtained only from in-flight pion decays. In 
this case, a beam transport including a long supercon- 
ducting solenoid in which the pions decay is necessary 
to enhance the yield of muons. With either type of 
muon source the spread of momenta is large and requires 
a special achromatic transport to allow a large 
acceptance of muons. For instance in Ref. 9 it is 
estimated that a 100 uA beam of protons at 800 HeV 
will produce 8 x 10’ u+/s from an in-flight 
source with a 20% momentum acceptance. This beam will 
have about 70% polarieation. A negative muon beam will 
be down by a factor of four or five from the positive. 
A surface beam of 2 x lo7 u+/s and with a 10% momentum 
spread can also be produced by this source. 
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The ‘timing characteristics of the muon beam are 
also important and can change from one class of 
experiments to another. Some experiments require high 
powered pulsed lasers to pump transitions. These are 

‘best matched by muon beams having a width of one 
nanosecond up to a few hundred nanoseconds. 
Enhancements of up to lo5 in event rates over a 
dc-experimant are possible.9 

Discussion 

The characteristics and special requirements for 
neutron, neutrino, and muon pulsed sources are given in 
Table I. These requirements of target parameters and 
pulse widths for the incident protons are generally 
incompatible, except perhaps for muon and in-flight 
pion decay neutrino beams. This suggests that shared 
operations will be required to meet all requirements, 
either by real-time scheduling of beam or by multiplex- 
ing proton current to different target stations. Roth 
of these methods are being employed at the WNR complex 
at Lo5 Alamos to allow a broad physi&s program to 
exist. 

The Lo5 Alamos facilities; some of which are in 
operation, under construction or proposed, are shown 
schematically in Fig. 1. Not shown is the Line A beam- 
stop neutrino source which is to the east of LARPF 
whereas all WNR facilities are to the south. The main 
WNR target cell can be used for nuclear neutron experi- 
ments by the replacement of the target for condensed 
matter research with one more appropriate for nuclear 
physics. Because the proton beam strikes the target 
vertically, the flight paths can only view the target 
at 90°. For the highest energy neutrons a separate 
target and beam is situated in the Line D tunnel and is 
viewed at 0. by a flight path going straight out to the 
south. These two target stations cannot be used simul- 
taneously because different settings of dipole bending 
magnets in the proton channel are required in each 
case. At present both beams use chopped LMPF macro- 
pulses to achieve high resolutions in time-of-flight. 

The in-flight neutrino facility is under 
construction just to the south of the Line D channel. 

It will have a target about 50m away from target cell 
one. At present it will be fed LARPF macropulses in a 
multiplexed mode eventually sharing pulses with PSR and 
running simultaneously with all other programs at the 
WNR. It is hoped that PSR beam can also feed the 
neutrino target by further multiplexing with the WNP. 
This would permit a muon physics program veiwing the 
neutrino target at backward angles as well as an 
extension of the neutrino program using the PSR duty 
factor reduction, simultaneously a neutrino program 
using LAMP macropulses, and if current permits a full 
neutron scattering progrsm at the WNR, all at the s5me 
time. 

As can be seen by the above remarks, there are many 
targets stations at Los Alamo5 and a complex plan for 
multiplexed operation to allow beam time to each user. 
The reason that this scheme is possible is due to the 
high intensity of proton currents (-lmA) available 
from LAMPF. and the fact that no single user at this 
time can use it all. In fact, shielding in the WNR 
limits the maximum current to about lOOpA of protons 
for neutron scattering, leaving current for other 
targets. This is perhaps an historical accident and 
will not be the case at other pulsed sources. 

The research program at the SNS at Rutherford 
Laboratory is more concentrated than at Los Alsmos. 
The full 200uA beam at the SNS can be accomodated by 
the neutron target and almost all of the available 
current will be used’for neutron production. Therefore, 
the neutrino source (stopped) must use the same target 
which has not been optimized for neutrinos. Also. I do 
not believe there is an in-flight neutrino source 
planned at this tima. 

The SNS machine will have a pulsed muon program 
centered around a S-cm-long carbon target placed 
upstream of the neutron target. Tbe muon source is 
designed primarily as a surface beam without an in- 
flight decay beam. It should provide a total y+ flux 
in two 1OOns bursts about twice that quoted in Ref. 9 
for Los Alamos. However, a chopper will be required 
for shorter pulse widths which will reduce the muon 
flux to about l/3 that at Los Alamo5 where PSR can 

Table I. Characteristics and Requirements for Pulsed Sources of 
Neutrons, Neutrinos, and Muons for Nuclear Physics Studies 

Bnergy or Pulse Width 
Source Romentum Range Target Specifications Requirements Comments 

10-6 eV (ultracold) High-Z, large diameter -200115 requires cold moderator 

Neutron 0.1 to 25 l4eV High-Z, thin diameter (-1 car) 5-1”s neutrons viewed at 90, 

>25 WeV High-Z, short length -500 ps neutrons viewed at 0’ 

0 to 53 Rev LOW-Z. large di55Mer. -200 ne timing allows separa- 
(vu,ve stopped source) stopping length ation of neutrino type5 

Neutrino 60 to 300 MeV Low-Z. thin diameter, <,lns timing allow5 E, 
(vu in-flight source) -1 interaction length determination 

50 to 150 nev Low-Z, thin diameter -200 ns lluon bottle required 

(ve in-flight source) 

Muon 

30 nev/c 
(p+ surface beam) 

50 to 80 nevfc 

(u+ and u- in-flight) 

LOW-Z, -5 cm diameter <l to 300 “5 view target at backward 
angles 
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generate the short pulse widths. The double target 
scheme will probably degrade the proton flux on the 
neutron target by about 15% which should be acceptable 
to the condensed matter program. 

The basic imcompatibility between the different 
nuclear physics and condensed matter sources is 
inherent in the target specifications and pulse width 
requirements for each case. This incompatibility will 
persist at the higher intensity sources being designed 
now unless they have enough current to service all 
users simultaneously. I suspect this is a hollow dream 
because each user would like to take full advantage of 
all the available current for his specific program; 
this is especially true for neutrino experiments where 
event rates are so low. Thus, each target station 
will probably be designed for the’ maximum current. 
Therefore, if a broad program including nuclear and 
particle physics is desired, special consideration must 
be given :to scheduling the proton beam. This sharing 
should be possible as no user can use all of the beam 
all of the time. However, it implies that the lab- 
oratory will require a broad based program advisory 
committee to help set its priorities. 

Details of the Physics Interest and 
Experiments for Nuclear Physics 

Studies at Pulsed Sources 

Theoretical Introduction 

The following discussion about modern ideas of 
particle structure and the forces of nature is cursory 
and intended to provide a backdrop for the experiments 
that can be performed at high intensity pulsed sources. 
The discussion borrows from various reviews and 
popularized articles to be found in the literature, 
such as Abdus Salam’s Nobel Prize acceptance speech?’ 
and Ellis-Nanopoulos on cosmology.28 

lfost experiments in nuclear and particle physics 
are designed to test symmetry properties in nature. 
Some of these syrmaetries involve the space-time 
properties of the interactions between particles, such 
as parity and time. Other syrmnetries involve the 
underlying classification or grouping of particles by 
their similar properties, such as charge, spin, color, 
isospin, etc. 

The “standard model” claims that the universe is 
composed of fermions interacting by the exchange of 
bosons. All observed fermions are left-handed, i.e., 
spining counter-clockwise along the direction of 
motion, which would be an exact statement -if the 
fermions were massless. Anti-particles are right- 
handed. The elementary fermions can be grouped into 
families, known as the W(3) XSIJ(~)XU(~) grouping 

(2) (2) 
(:) (:) (:) 

0 

(3) 

“x , 
7 

the top row refers to quarks which comprise the 
hadrons. The bottom row refers to the leptons which 
can be placed in one to one correspondence with the 
quarks. There are specific questions which such a 
classification scheme produces. How many families are 
there? Are the leptons on the same elementary level as 
the quarks which compose protons and neutrons, rather 
than on the level of the protons and neutrons? For 
example, we know that the quarks found in nature are 
admixtures of the ones given in (3), i.e. they exhibit 
mixed properties. Do leptons exhibit a similar 
behavior, and is the relative admixture the same as for 
quarks? Such a mixing of leptons could appear as a 

transformation or oscillation of one type of neutrino 
into another. 

Another question is whether the scheme (3) is the 
manifestation of a higher group syssxetry,. i.e., do 
quarks and leptons have a substructure such that they 
are all’ composed of the same subparticles? This 
unification of leptons and quarks into the same larger 
group. say W(5). permits new interactions which can 
transform quarks into leptons. In this scheme Saryon 
number is not conserved and protons can decay. 
Furthermore, neutrons may be able to oscillate into 
antineutrons (AB = 2 interaction). 

The boson exchange involves particles such as the 
Y. k&g*, gluons and gravitons. which mediate the 
forces in nature. Are all of these particles just 
different manifestations of the same substructure? Can 
all the forces be unified within the same picture? 
Indeed Weinberg and Salam recently found a theory that 
joins the electromagnetic and weak forces; the y. 2*, 
and W+- particles. They predicted neutral currents 
in weak interactions and many other effects in nuclei; 
the testing of which is the goal of many planned 
experiments. Out of this theory came one fundamental 
parameter, the Weinberg angle %, giving the 
relative weak-electromagnetic strengths. A precision 
measurement of e, would yield information‘ such as 
how many families of quarks and leptons there are, and 
which of the higher groups, (SU(5). O(lO), etc) used 
in unification schemes is correct. 

The space-time sysma?tries of the interactions in 
nature are not necessarily conserved, For instance, 
parity is not conserved by weak interactions and this 
is related to why only left-handed fermions have been 
found. Is the universe truly asysmuxtric or can we find 
evidence for right-handed particles? Another violated 
sysssetry is time, which has appeared in nature in only 
one interaction in the K’ -ii0 system. What is its 
nature and are there other reactions where T is 
violated? In fact, it has been suggested that the 
small T violation that has been observed may explain 
the basic asymmetry of the universe, why we live in a 
matter dominated world as opposed to one with equal 
amounts of matter and anti-matter. Understanding the 
origins of T-violation could explain this fundamental 
question. 

The.re are other space-time sysxsetries to be tested 
in particle interactions, such as whether they exhibit 
scalar (Sl, pseudoscalar (Pl, vector (Vl. axial-vector 
(A). or tensor (Tl properties. gach of. these can be 
related to the properties of the bosons being 
exchanged. In some cases, we only know this property 
of the forces to the 10 to 20% level. 

The quest to answer these questions do not 
necessarily require the high energies found at CBRW, 
Fermi Lab or Brookhaven. Useful information can be 
obtained.from background free, precise measurements of 
fundamental quantities. This is the way many of the 
nuclear experiments that can be done at high intensity 
pulsed sources can have an impact in this field. In 
some cases the interactions are between elementary 
particles, such as neutrino-electron scattering or 
atomic states in muonium. In other cases, fundamental 
properties of neutrons and muons are studied, such as 
the neutron electric dipole moment. In still others 
the nucleus itself is considered a laboratory in which 
to study the interactions, such as compound resonances. 
A list of such experiments is given in Tables II 
through IV. Because of time limitations I can only 
give a brief description of a few selected from this 
list, but these should demonstrate the techniques 
involved and precisions that can be obtained, 
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Neutron Rlectric Dipole Moment (RDH) The ex eriment 
method15 *fg 

uses the nuclear magnetic resonance 
extended by Norman Ramsey in which the 

If observed, the EDR would be an example of parity EDM coupled to an electric field causes a shift in the 
and time sysxxetry violations. Theoretical models NH? line. The line width is inversely proportional to 
explaining the violations seen in the K”-i?’ system the time a neutron spends in the perturbing’ electric 
predict a finite BDH. As observed in Ref. 30, progres- field and inversely proportional to the square root of 
sively smaller limits placed’on the SM have eliminated the neutrons counted. Therefore, storing neutrons in a 
certain theories from contention. bottle throughout the measurement can increase the 

Table II Nuclear Physics Experiments Using Neutrons 

Reaction 
Present or Possible 
Planned Limits Limits Conments 

Electric Dipole 
Homen t 

n-g oscillations 

Gravity Effects 

n-rpe_S, 

Compound Resonances 

Giant Dipole Resonances 

Nuclear Fission 

Cross Sections 
of unstable nuclei 

A(n,n)A’ 
A(n.p)A’ 
A(n,o)A’ 

5x10-25 10-2ae-cm 
e-cm[lSl 

106s 1161 109s 

10-3 [171 10-5 

Test Fundamental Symmetries of Time and Baryon 
conservation. Use ultracold neutrons stored 
in bottles 

Use room temperature and long wavelength 
interferometers I291 

Search for T-violation, use polarized neutrons 

Search for T-violation ’ 

Nuclear Structure Studies: High l-states, 
non-nuclear degrees of freedom. Use polarized 
neutrons and TOF techniques in 0.1 to 25 HeV 
range 

look for few body correlations 

tests of QED-presently disagrees by factor of’30 

Astrophysics implications 

Nuclear data measurements of cross sections. A’ 
may be unstable. Take advantage of WeV range of 
neutrons in pulsed sources. 

Table III Nuclear Physics Experiments Using Neutrinos 

Reaction 
Present or 
Planned Limits 

Possible 
Limits Cormnents 

vu+ve OSC. 

vu+vu osc. 

0.001 eV2 I71 low4 eV2 
sin228 < 10v5 10-l 

.O.Ol eV2 [71 10m3 eV2 
10-3 10-4 

Need low backgrounds. Cosmii ray backgrounds 
reduced by pulse source 

uue-wue 100-1500 events’ 
[7.8.19,201 

105 events Reasure y-distribution and sin2By to 1% 

wee-Wee 300 events t8,181 
Use muon bottle to get higher energy neutrinos. 

3000 events Use pulse structure to eliminate backgrounds 
from other neutrino types. 

vu,P+vuP 1200 I191 12000 Look for induced pseudoscalar, at low 
energies have no problem with form factors 

A(v.u)A’ 

A(u.v)A’ 

Nuclear structure studies f31l 

Rap out axial-vector strength in nucleus. 
Complimentary to electron scattering which 
gives vector strength I321 
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Table IV Nuclear Physics Rxperiments Using EfuOnS 

Present or Possible 
Planned Limits Limits Conxnent 8 

muonium 

muonic atoms 

ue+iig 

10-S El1 

4 x10-4 [221 

muonium produced 
in vacuum f231 

10-g 

I 

Test QSD, Weak Interactions -- study hyperfine 
structure using pulsed lasers matched muon 

10-S pulse length 

10-S lepton conservation, T-violation 

u-Me-A 

u-A capture 

10-g 

-l&20% [24’,25,261 -2-3X 

lepton conservation 

Nuclear structure studies -- use l’asers and 
observe decays. need polarization infomation 
tests PCAC. CVC 

Rare u decays Test for right-handed currents [35j 

sensitivity over beam types of experiments. 
Ultimately, the limit can be pushed to -10m2* e-cm 
using this method, about three orders of magnitude 
beyond present experimental limits. 

The advantages of a pulsed source over a reactor 
for this experiment include a higher peak flux of 
neutrons meaning the bottle can be filled to a 
higher density. As future pulsed sources increase in 
intensity the EDW limits should be progressively 
improved. 

Nuclear Data tfeasurements 

These measurements are intended to study and 
catalogue in a systematic fashion neutron-nucleus cross 
sections over a broad range of nuclei. Total, capture, 
elastic and inelastic cross sections will be measured 
as well as (n,p) and (n,a) processes. Such meas- 
urements are currently carried out at the Oak Ridge 
Electron Linear Accelerator but planned proton spalla- 
tion sources will have much higher intensities in the 
higher energy region 010 ifelf), which should permit 
observation of smaller cross section processes and 
correlation measurements in multiparticle final states. 
Backgrounds should also be decreased at a proton accel- 
erator especially when attempting to observe gasssa 
transitions from excited nuclear states. Electron 
machines produce gsssna rays profusely by Sremstrahlung 
making it difficult to perform such measurements. 

Even though these measurements are interesting in 
their own right, they also provide useful numbers for 
application in the fission and fusion reactor programs. 
Rmbrittlement of materials due to hydrogen build up 
through 1n.p) reactions can be studied. Also, neutron 
cross sections up to tens of MeV are of interest for 
materials used in fusion reactors. Capture cross 
sections of neutrons on various isotopes are unknown 
and needed for fission reactors. 

Neutrino Oscillations 

At low energies neutrino oscillations can be looked 
for in the transition vu + ve (appearance mode) or in 
the vu + v,, (disappearance model in which a faster than 
normal flux drop off with distance is searched for. 
This last mode is complimentary to the ii, + ue mode 
observed at reactors. 

nor neutrino transitions to take place in free 
space there must be a finite mass difference between 
the neutrino types. Thus, if observed, neutrino 

oscillations will also provide evidence for neutrino 
masses. The oscillation wavelength is given by 

EL 
A= 2 , (4) 

1.27 Am 

where )r is in meters, E, is the neutrino energy 
(IfeW and Am2 is the square of the mass difference 
between neutrino types (eV21. For a viable experiment, 
it is optimal to have a low B, to have a short 
wavelength. 

Another parameter to be determined is the mixing 
angle (Sin2281 that gives the strength of the 
transition. This parameter may be related to quark 
mixing. The sensitivity to the mixing angle is given 
by the statistical uncertainty in the measurement,? 
and the backgrounds present. This is why pure beams 
of vu are important as small amounts of ve 
contamination can be misinterpreted as a vu + 
ve transition. 

In principal the ‘experiment would attempt to map 
out an oscillation length to prove the effect is due to 
oscillations. This could be accomplished by changing 
the detector position which is no small feat for a 
multi-hundred-ton device. Another approach is to 
change )r. by varying the neutrino energy as given by 
(4). Because of the &-arrival-time correlation 
discussed above, different B, components can be 
isolated simultaneously during the measurement. 

Neutrino-Electron Elastic Scattering 

Neutrino electron scattering is a fundamental 
reaction involving only the weak neutral current for 
vue and a combination of neutral and charged currents 
for vee. This latter process is the only interaction 
available in which the interference term between the 
two currents can be observed. 

The Weinberg angle can be detemined by comparing 
v,,e and Due scattering.’ A high precision measurement 
is conceivable because of low backgrounds at the low 
neutrino energies generated at these pulsed sources. 
for instance a neutral current reaction producing back- 
grounds is 

VW -) vNs* 

Lrr 
4 e+e-e+e- . 

(5) 
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The experimental precision is related to the Zeeman 
line width. A significant reduction can be effected by 
using only muonium atoms that have been imersed in the 
magnetic field for a relatively long time, t-2.2us 
(muon decay time, T,). Taking into account counting 
rates, the optimal source would have a pulse width 
M<ru and a repetition sate v<< Wru. A proposed 
experiment at Los Alamos using the PSR would improve 
present QSD test precision by a factor Of 4. Higher 
intensity sources of muons may provide an additional 
order of magnitude improvement. 

Conclusion 

A broad program in nuclear and particle physics at 
a pulsed source would include neutrinos and muons as 
probes as well as neutrons. Optimization of 
experiments for each probe requires different target 
pararaeters and pulse widths. With proper scheduling or 
multiplexing of the proton current, I believe that a 
successful program in nuclear physics can proceed and 
can co-exist with a condensed matter neutron scattering 
program. This may require a broad based program 
advisory cosssittee to help set priorities. 

The pulsed nature of the source is most useful in 
determining energies by time-of-flight. The energy- 
timing correlation is present even for neutrinos due 
to. the non-relativistic nature of the parent pions. 
However, the energies are such for nuclear probes that 
short pulse widths are necessary for a large class of 
experiments, on the order of one nanosecond or a frac- 
tion of a nanosecond. This implies that future sources 
should allow for some microstructure in their pulsed. 
even if this means reducing intensity by Chopping the 
beam. 

For the nuclear and particle experiments I have 
considered in this talk, the upcoming generation of 
pulsed sources offer significant improvements in 
pre,cision over present results. All of these experi- 
ments are and probably will remain statistics limited 
for the isssediate future, therefore. as intensities 
increase at planned pulsed sources precision in these 
experiments should improve even further. 
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STUDIES OF NEUTRON IRRADIATION EFFECTS AT IPNS-RF,F* 

M. A. Kirk 
Materials Science and Technology Division 

Argonne National Laboratory 
Argonne, Illinois 60439 

Neutron irradiation effects studies at the 
Radiation Effects Facility (REF) at the Intense Pulsed 
Neutron Source (IPNS) located at Argonne National 
Laboratory (ANL) are reviewed. A brief history of the 
development of this user facility is followed by an 
overview of the scientific program. Experiments 
unique to a spallation neutron source are covered in 
more detail. Future direction of research at this 
facility are suggested. 

Introduction 

Argonne National Laboratory has been a center for 
neutron irradiation effects studies for over 20 
years. The somewhat simple ambient temperature 
studies of the 1950's at ANL were followed in the 
1960's and 1970's by more sophisticated low- 
temperature studies in the CP5 reactor. This latter 
effort was led at ANL by Thomas Blewitt. The CP5 
irradiation facilities consisted of two liquid helium 
cooled irradiation cryostats, one f r thermal neutron 
irradiations and the other with a 295U converter for 
fast neutron irradiations, ambient temperature irradi- 
ation positions including a rabbit tube, and high 
temperature (up to 700°C) irradiation thimbles. These 
facilities were designed, constru t d and charac- 

f'i terized by Blewitt and coworkers. ' The CP5 
facilities at ANL along with somewhat more limited 
facilities at Oak Ridge National Laboratory (ORNL) 
were for 20 years the mainstay of the U.S. program in 
basic research on neutron irradiation effects. The 
low-temperature (4.2 K) fast-neutron irradiation 
facility in CP5 was the only such facility in this 
hemisphere and one of only 5 in the world during this 
20 year period. The situation today is approximately 
the same, but at ANL, the CP5 reactor has been 
replaced by IPNS-REF. 

Major areas of research during the days of CP5 
were the following: Irradiation hardening in Cu, Cu 
alloys and Nb single crystal was studied at tempera- 
tures between 4.2 and 600 K. f Simultaneous measure- 
ments of resistivity, lattice parameters and anomalous 
x-ray transmission in fast-neutron irradiated Cu at T 
< 50 K yielded information on migrating #e.fect species 
and annihilation and clustering effects. Dislocation 
loops of interstitial and vacancy natures were 
detected by changes in length and resistivity during 
thermal neutron Irradiation of uranium. Low- 
temperature irradiations of superconductors gave 
information on the effects of crystal structure and 
metallurgic 1 variables on various superconducting 
parameters. t The most accurate neutron sputtering 
yields and spatial distribution of sputtered atoms 
were determined for single crystals of gold.' 
Simultaneous measurements of changes in length and 
resistivity during lov-temperature irradiations of Cu 
and Ni have reve led aspects of the structure of 
defect cascades. d Measurements of disordering in 
ordered alloys by magnetization, resitivity, and 
transmission electron microscopy (TEM) have revealed 
fundamentalgmechanisms of neutron damage 
production. Finally, low-temperature defect 
production measured by resistivity techniques, along 
with a state-of-the-art determination of neutron flux 
and spectrum, has produced the first meaningful 
comparison with similar data from other reactor 

9' 
ion 

accelerators, and fission fragment experiments. 

*Work supported by the U. S. Department of Energy. 

These one-sentence descriptions of some past research 
at CP5 will give, perhaps, a perspective on any 
comparison of the usefulness of fission and spallation 
neutron sources for this area of research. 

The Radiation Effects Facility at IPNS 

For several years before and immediately following 
the close-down of CP5 in 1979, the Blewitt group, 
including R. Birtcher, B. Brown, M. Kirk, B. Loomis 
and T. Scott, re ared designs, calculations and mock- 
up experimentsPO'P1 for the IPNS-REF. Construction 
took place in 1980-81 and the first experiments at 4.2 
K were performed in January, 1982. The facility is 
operated by ANL as a national user facility for both 
an in-house irradiation effects program and outside 
users. A Program Committee reviews all research 
proposals. The instrument scientist with major 
responsibility of facility management for users is R. 
C. Birtcher. About 50% of research at the RRF is 
performed by outside users (non ANL). 

The facility itself consists of two irradiation 
cryostats (5 cm inner dia.) with controllable tempera- 

~;r;;,;;t';"~l;rf 
K an about 400 C and neutron fluxes 
n/cm9 set (En > 0.1 338; ;;;;z&;;ron 

current of about 10 uA delivered on a 
and a smaller ambient temperature irradiation posi- 
tion. These irradiation facilities are located 
adjacent to a separate irradiation effects target and 
surrounded by lead to produce a fast neutron flux 
without significant moderation. Figure 1 displays the 

resultant neutron energy spectrum and compares it with 
pure and degraded fission spectra. A close similarity 
between degraded fission and spallation can be noted, 
with the exception of the high energy "tail" from 
spallation which accounts for about 3% of the neutron 
flux and about 15% of the damage in a typical 
material. These neutron fluxes, energy spectra and 
flux gradients have been measured to the highest 
accuracy achievable today (about 10% in the flux 
defined for neutron energies > 0.1 MeV). A more 
approximate measure of secondary proton fluxes and 
energy spectra have been made, and an upper limit on 
the gamma flux has been determined. More details of 
these measurements and the facility can be found in 
references 12-14. 

It is important at this point to emphasize those 
features that are unique to the accelerator based 
spallation neutron source. The most important for 
research to date has been the low gamma flux relative 
to a typical fission source. We have measured the 
gamma flux to be at least one order of magnitude lower 
than a fission source with the same neutron flux. Of 
next importance has been the ability, through the 
accelerator controls, to turn the neutron flux on or 
off, to precisely control the total neutron dose 
(especially very low doses) and the neutron dose 
rate. Of more minor importance to present research, 
but of possible future importance, is the high energy 
"tail" in the neutron spectrum and the pulsed nature 
of the neutron flux (100 n set pulses at 1, 5, 10, 15 
or 30 Hz repetition rates). 

The low gamma flux (especially from a non 
fissioning spallation target) makes the consideration 
of a "next generation" REF with the capability of low 
tern erature 

101s 

irradiations in a neutron flux of 1014 - 
n/cm2 set very attractive. This would be 



Figure 1. Comparison of neutron spectra (with arbitr ry normalization) from pure fission, degraded fission 
(VT53 facility in CP5 reactor), and spallation from ‘j8U (500 MeV proton energy). 

impossible in a fission rea&or due to gamma 
heating. It is for this reason that we, consider the 
BEF at IPNS to bs an experiment in itself. It is the 
first and only EBF at a spallation source. It is 
currently the only low-temperature neutron irradiation 
facility in the USA. It is the only national user 
facility in this field in the world. 

Coming from our long experience with a fission 
source, we should discuss briefly those features of an 
accelerator based spallation source that we have found 
to be disadvantages. We expected and have measured 
rather severe flux gradients in irradiation positions 
near the target. This can impose some restrictions, 
but to now they have been only a minor constraint. 
Irradiation rig design, sample design and placement, 
and sample rotation have all been used to minimize the 
effects of these flux gradients. Inherent in 
accelerator systems and extensive safety interlocking 
has been rather numerous beam shutdowns during daily 
operation. This is of little or no consequence to 
either low-temperature irradiations or many sample 
irradiations at ambient temperature. However data can 
be affected in those in situ experiments at controlled 
temperatures when defects are mobile. Temperature 
control itself can be affected, and equilibrium defect 
concentrations temporarily changed. 

Finally, the use of a dedicated target for these 
studies has both advantages and disadvantages. Total 
control of the accelerator for precise on, off, dose 
and dose rate values has tremendous advantages for 
some in situ experiments. However, the irradiation 
effects target is programmed to receive the proton 
beam only l/4 of total IPNS running time, placing a 
severe restriction on the length (dose) and number of 
experiments that can be done. A limited number of 
small samples can be irradiated at ambient temperature 

near the neutron scattering target. The flux is lower 
and the energy spectrum is moderated somewhat. 

Overview of Scientific Program 

The Radiation Effects Facility at IPNS was 
designed and constructed (with support from the Basic 
Energy Sciences Division of the U. S. Department of 
Energy) to be a basic research tool in this field. In 
most instances research performed here is designed to 
contribute to a fundamental understanding of irradia- 
tion effects in metals, semiconductors, superconduc- 
tors, and insulators in support of both the fission 
and fusion energy programs. The ANL program is 
designed to investigate the production by neutron 
irradiation of point defects and defect cascades, 
defect migration, annihilation, clustering, and 
interaction of point defects with other defects such 
as impurities and dislocations. Electron, proton, ion 
and gamma irradiations are also performed to comple- 
ment neutron irradiation data in several experi- 
ments. The influence of these various defect states 
upon the physical properties of materials is examined. 

The primary emphasis of the ANL program is the use 
of the unique aspects of this pulsed spallation 
neutron source. Thus major experimental efforts are 
in progress studying neutron irradiation effects in 
organic insulators, semiconductors, and ordered 
alloys. Irradiation effects due to a gamma flux can 
be quite important in both organic insulators and 
semiconductors. This facility is unique in that fast- 
neutron irradiation effects can be independently 
studied in these materials. Precise control of dose 
and dose rate has been essential in the semiconductor 
and ordered alloy work. It is believed that in the 
near future the pulsed nature of the source will be 
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utilized in these same two areas of experiment. A 
more detailed discussion of these unique experimental 
areas is postponed until the following section while 
the balance of the experimental program is briefly 
reviewed. 

Spallation and 14 MeV Neutron Irradiation of 
Stabilized NbTi Superconductors'= 

Experiments are being performed on the irradiation 
.behavior of NbTi, a leading candidate for the super- 
conducting magnets in a fusion energy device. The 
effect of cyclic neutron irradiation at 5 K and 
annealing to 300 K is being investigated for various 
metallurgical states of NbTi. Critical current 
density (j,) is measured as a function of applied 
field up to 9 T at 4.2 K after each cycle of 
irradiation and annealing. Generally, small decreases 
have been measured in jc after 2 cycles and the 
smallest decrease is for materials with a high degree 
of final cold work and optimized initial annealing 
temperature (380 C). 

Observations in an HVEM of in situ Tensile Deformation 

and Fracture in Neutron-Irradiated Niobium" 

High-purity and O-doped (200 appm) Nb single- 
crystal tensile specimens were irradiated in IPNS-REF 
at 300 K. Observations of the in situ tensile defor- 
mation in the ANL-High Voltage Electron Microscope 
(HVEM) have shown the deformation processes that give 
rise to irradiation induced embrittlement and/or 
deformation. This process consists of dislocations 
gliding in channels which are thus cleared of the 
defect clusters produced by the neutron irradia- 
tions. Video tape recordings of details of the 
process have been made with the HVEM. 

Non-ANL User Experiments 

Both Los Alamos National Laboratory (LANL) and Oak 
Ridge National Laboratory (ORNL) has been major 
outside users of IPNS-REP in programs to study neutron 
irradiation effects in fusion energy magnet 
materials. The LANL experiments on organic insulators 
will be discussed in the next section. The ORNL 
experiment (R. Coltman and C. Klabunde) is designed to 
study changes in magnetoresistivity of copper at 5 K 
under cyclic neutron irradiation and annealing. It 
now appears that the copper stabilizer in the super- 

conducting magnets for a fusion react0 may be the 
most irradiation sensitive component. 15 Initial data 
has been taken on the increase of resistivity and 
magnetoresistivity in copper after 3 irradiation and 

anneal cycles. Analysis of results is underway. 
These results coordinate nicely with the NbTi work 
described above. To perform these experiments the 
ORNL group constructed an irradiation rig capable of 
in situ measurements in applied magnetic fields up to 
7 T. 

Other experiments in progress include: continua- 
tion of the semiconductor work (see next section on 
silicon) by the University of Missouri group 
(J. Farmer and J. Meese with R. Birtcher, ANL) with 
measurements of Deep Level Transient Spectroscopy in 
irradiated germanium; a study of neutron irradiation 
effects in the amorphous metal superconductor, 
MO-Ru-B at 4.2 K with in situ magnetic fields to 7 T 
(R. Scanlan, Lawrence Berkeley Laboratory); a study of 
fatigue in neuron irradiated copper single crystal 
(D. Luzzi and M. Meshii, Northwestern University); 
diffuse x-ray scattering studies of neutron irradiated 
nickel, copper, and their dilute alloys and Si and Be 
(R. Averback, ANL and P. Ehrhart, KFA, JUlich, West 
Germany); and a study of the effects of solutes on 

neutron damage production and recovery in zirconium 
(S. MacEwen and R. Zee, Chalk River Nuclear Labora- 
tory, with R. Birtcher, ANL). 

Experiments Unique to a Spallation 
Neutron Source 

Neutron Irradiation Effects in Organic Insulators 

Two sets of experiments have been taking place at 
IPNS-REF in this field. Work at ANL in collaboration 
with the Japan Atomic Energy Research Institute (S. 
Egusa, visiting scientist at ANL) is in progress to 
investigate changes in mechanical properties of compo- 
site organic insulators following fast neutron and 
gamma irradiations at 5 K and 300 K. Mechanical and 
electrical property changes were measured in the 
composite G-1OCR by a IANL group (G. Hurley, J. Fowler 
and D. Rohr) following 5 K irradiation at IPNS-REF. 
Both programs will be able to isolate those irradia- 
tion effects due only to neutrons; a result of the low 
gamma flux at IPNS. The interest in these materials 
for use as magnet materials in fusion energy devices 
is high. ’ 

The LANL results to date show small but signifi- 
cant changes in mechanical and electrical properties 
of G-1OCR irradiated at 5 K with neutrons to 2.5 
MGy.18 Flexural strength was reduced and fracture 
surfaces show dependence on temperature and irradia- 
tion. Both DC and AC resistivities decreased slightly 
with this irradiation dose, but dielectric breakdown 
strength showed no significant change. 

Four kinds of clot&filled organic composites were 
irradiated in IPNS-REF at 300 K and 5 

lb 
and mechanical 

property changes were studied at ANL. The same 

study was also made for composites irr iated with 2 
MeV electrons at 300 K for comparison. 18 Gamma 

irradiations are currently taking place at ANL on 
these materials. The neutron results to date show the 
shear modulus and ultimate strength unchanged in all 
samples after 400 Mrad. However the fracture propaga- 
tion energy in the glass fiber/polyimide matrix is 
seen to change with neutron irradiation at a much 
higher rate than with electron irradiation. 

Fast Neutron Irradiation Effects in Semiconductors 

Knowledge of the defect structure in semiconduc- 
tors following fast neutron irradiation has been 
severely limited by the concurrent production of 
defects or charge carriers due to high gamma fluxes in 

fission reactors. The low gamma flux at IPNS-REF 
allows, for the first time, meaningful measurements of 
DC conductivity, annealing, and Deep Level Transient 
Spectroscopy (DLTS) during and following low- 
temperature fast-neutron irradiations. These 
measurements have yielded information on damage 

;;$i;psf 
thermal recovery and defect identi- 

Resistivity measurements on several semiconductors 
during irradiation at 5 K are displayed in Fig. 2. 
The somewhat surprising behavior illustrated in this 
figure can be well described by the exponential rela- 

tion: 

a(+) = 00 e -W 

where o is conductivity, 0 is fluence (in protons on 
spallation target in Fig. 2) and K is a damage 
constant dependent on material. This form of relation 
has been observed in metals and when analyzed in a 
similar fashion here yields information on defect 
cascades. In silicon the average cascade volume was 
determined to be 4.7 x lo5 atom voitmes with a defect 
density in this volume of 5.5 x 10 . 
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FAST NEUTRON IRRADIATED 

0.6 0.4 0.2 0 

Figure 2. The normalized rate of conductivity change, 
d(a/uo)/dp, vs. fractional normalized conductivity, 
a/o,. 

The annealing results in silicon yielded a very 
low temperature process at 22 K which has not been 
observed before. Results in CdTe indicated the 
vacancy may be mobile below room temperature which, if 
true, would be the only known vacancy in a II-VI 
semiconductor to possess this property. 

DLTS has been used to determine the defect energy 
levels introduced into the band gap of n-t 
following fast-neutron irradiation at 5 K. 45" ;::icon 
thermal production and annihilation of these defect 
energy levels during annealing is shown in Fig. 3. 
The increase of the defect level El (known to be the 
vacancy-oxygen A center) occurs at the expense of a 
defect with a deeper electronic energy level whose 
concentration can only be inferred by the behavior of 
the low-temperature shoulder of its DLTS signal. This 
annealing is consistent with the single vacancy which 
is known to thermally migrate below 150 K. Decreases 
in the El and E3 (divacancy) levels between 250 and 
300 K may be a result of the appearance of the E. 
level which suggests that this level may be associated 
with an interstitial type defect. Above 350 K the 
divacancy level E3 anneals out while El and Eg grow. 
Eg may be associated with larger vacancy clusters. 
These results suggest, in agreement with conductivity 
measurements, that the fast-neutron defect cascade in 
silicon is very diffuse and at 5 K contains primarily 
single vacancies and divacancies. 

Fast Neutron Irradiations of CugAu 

Ordered alloys have been useful to study irradia- 
tions effects from the earliest days of nuclear 
reactors. The formation of displacements or defects 
usually causes a larger number of replacements during 
the process. These replacements result in the 
disorder of ordered alloys which can be measured in 
several different ways. Also, the migration of a 
defect, say a vacancy, can cause the ordering of many 

Figure 3. Annealing behavior of defect levels in 
fast-neutron irradiated n-type Si as measured by Deep 

Level Transient Spectroscopy (DLTS). 

atoms and thus reveal itself to measurement more 
easily. We have been active for many years at ANL in 
the use of ordered alloys to reveal fundamegntal 
mechanisms of neutron irradiation effects. Recent 
experiments on Cu3Au reveal or take advantage of 
unique features of IPNS-REF. 

Individual defect cascades produced by fast- 
neutron irradiation can be revealed clearly as 
disordered zones in an ordered matrix by the 
appropriat transmission electron microscopy (TEM) 
technqiue. 23 One study was designed to compare images 
and sizes of disordered zones produced by fast 
neutrons from a fission source, CP5, and a spallation 
source, IPNS. We expected a strong similarity in size 
distributions based on the very similar distributions 
of neutron energies as seen in Fig. 1. This was 
indeed demonstrated in Fig. 4. In addition, some 
quite large disordered eon88 were observed and sized 
in the specimens irradiated with spallation 
neutrons. Although the numbers of disordered zones 
examined in this specimen was not sufficiently large 
to make a firm conclusion, it was probably true that 
we were observing a few disordered zones created by 
the very high energy neutrons in the spallation 
spectrum. Further study is currently in progress. 
This limited study, however, reveals the subcascade 
nature of these high energy events. 

More extensive experiments on Cu3Au are currently 
underway to study the irradiation enhanc 
vacancy diffusion in this ordered alloy. 4Yn~eZral 
experimental runs over the past year have revealed 
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Figure 4. TEM high resolution images and size distributions of disordered songs . _. (or cascades) in neutron- 
irradiated Cu.+. Images are recorded in dark-field superlattice reflection (G = 110). Heavy dark lines are 
anti-phase domain boundaries. 

very systematic behavior in the data. Changes in 
degree of long range order are measured by resistivity 
changes. Analysis with respect to theory is in 
progress. The data consists of the effect on ordering 
rate per incident neutron (dS/d+) of neutron dose (01, 
dose rate (#), irradiation temperature (T) and the 
sample order parameter (S). An example of the 

, 

variation of ordering rate as a function of irradia- 
tion temperature and order parameter is shown in Fig. 
5. This demonstrates that ordering is by vacancy 
diffusion only, andfis not affected by interstitial 
diffusion; a result which has be 

99 
demonstrated 

earlier by electron irradiation. Note in the S = 1 
sample that ordering by the vacancy diffusion is not 

possible and only disordering by the cascade 
disordered sones is observed. However some reordering 
of these disordered zones is apparently revealed and 
shows a temperature dependence. 

Theoretical expressions combining the rea 
rate theory of irradiation enhanced jjffusfon ss 

ion 
with 

the reaction rate theory of orde 
been proposed by Zee and Wilkes. Pg,, ;t;e;ir;:y 

data will be a quantitative test of both theories. 
The effect of the pulsed irradiation structure has 

been investigated by us. No effect can be found in 
this particular experiment which demonstrates that 
time average values of flux, fluence and resultant 
damage parameters are suitable. This is in agreement 
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Figure 5. Ordering and disordering rates in fast- 
neutron irradiated Cu3Au as a function of irradiation 
temperature in three samples with different degrees of 
long-range order (S). 

~~~"e~6Ze~~Y 
etical calculations appropriate to 

However, new experiments will begin 
soon in which an effect of the pulsed structure of the 
irradiation flux is anticipated. 

A new and direct measure of the irradiation 
produced vacancy concentration and lifetime is 
proposed in Fig. 6. The change in sample order as a 
function of time is shown during irradiation and 
immediately following a precise shutdown of the 
flux. The decay of the irradiation produced vacancy 
concentration is observed over about 75 seconds. The 
difference in interception of the two straight lines 
at the precise time of shutdown is proportional to the 
vacancy concentration. The second linear slope was 
unexpected. Further investigation of this effect has 
suggested that we are observing a second mechanism for 
production of migrating vacancies, which may be the 
emission of vacancies by dislocation loops produced by 
the irradiation. 

A central point to be made here is that precise 
control of neutron dose, dose rate and irradiation 
temperature is far easier with an accelerator based 
spallation neutron source (and dedicated target) than 
with a fission reactor. Precise and instantaneous 
full-flux start up and shutdown is possible only with 
a facility like IPNS-REF. 

Summary and Observations 

In this article we have described briefly the 
Radiation Effects Facility (KKF) of the Intense Pulsed 
Neutron Source (IPNS) at Argonne National Laboratory 
and how it was designed, constructed and characterized 
by the group of Tom Blewitt. Coming from our 
experience with the CP5 research reactor we discussed 
the advantages and disadvantages of a pulsed spal- 

i 

Figure 6. Ordering in Cu Au during neutron 
irradiation (beam on) at 2 20 K and following cessation 

of irradiation at 970 sec. Note decay of irradiation- 
produced vacancy concentration near 1000 set and 
evidence for a continuing vacancy diffusion for time 
> 1000 sec. 

lation neutron source for irradiation effects 
research. The central advantages are the low gamma 
flux relative to a fission reactor source and a more 
precise control of irradiation parameters such as 
dose, dose rate, and instantaneous turning on and 
off. Two other differences of note are the high 
energy tail in the neutron energy spectrum and the 
pulsed structure of the irradiation flux (100 nsec 
pulse normally at a 30 Hz repetition rate). The high 
energy neutrons are few (3%) and of little or no 
consequence to irradiation studies in this, a degraded 
fission-like, neutron flux. The pulse structure, 
while little utilized at present, is expected to be 
useful to certain future experiments studying the 
kinetics of mobile defects. 

The research program has been reviewed with a 
special emphasis on those experiments that employ the 
unique features of IPNS-REF. Approximately 50% of the 
research is performed by outside users of this 
national user facility; the balance is performed by 

the Neutron Irradiation Group in the Materials Science 
and Technology Division at ANL. Irradiation experi- 
ments on organic insulators and semiconductors are 
both strong components of this program as they require 
the relatively low-gamma flux. The experiments on 
irradiation enhanced diffusion in Cu3Au require the 
precise control of irradiation parameters afforded by 
control of the accelerator. A neutron source such as 
IPNS-KKF, essentially dedicated to this research, 
facilitates control of dose and dose rate without 
competition from other users. 

If a next generation of spallation sources is 
constructed (with protons currents -5 mAmp.), it will 

facilities for irradiations in 
~u~~~?f":~x~~ ~mc#-1015 neutrons/cm2 set and at 
controlled temperatures to as low as 4.2 K. This 
would exceed the highest practical neutron flux for 
this kind of research facility in a fission reactor by 
about an order of magnitude, and such a source would 
permit qualitatively new research in areas such as 
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irradiation effects on mechanical properties. For 
this reason we view the IPNS-REF as prototypical and 
as an experiment itself. 

It is possible, however, that the experiment will 
and within two years of the time of this writing. 
During this time a new facility in the Bulk Shielding 
Reactor at ORNL will be opened for use by the irradia- 
tion effects community. The new facility will have 5 
times the flux of IPNS-REF and be available for exper- 
iments nearly year round. It will not have those 
features unique to a pulsed spallation source that we 
have been discussing. A foregone conclusion by many, 
including the funding agency, is that there is insuf- 
ficient demand for two facilities. This author would 
seriously question such a conclusion in view of unique 
research opportunities at a pulsed spallation source 
and the possibility of a future facility. At the same 
time there is a need for more fundamental and applied 
research in the field of neutron irradiation 
effects. A recent study concluded as much if we are 
to have fissio 

90 
and fusion reactors as energy sources 

in the future. The need is especially critical for 
students in this and related fields. 

Any new facility in the future will need a strong 
in-house program in neutron irradiation effects. Good 
fundamental research is exceedingly difficult for 
outside users. The complexity and construction of 

many experiments make them impractical for the 
occasional visiting scientist. However, enlisting the 
aid of a local scientist at the facility can overcome 
much of this problem. 
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ABSTRACT 

The intranuclear-cascade-evapczation mo- 
del has been used to predict the neutron 
production from nonelastic interactions of 
protons with several target materials as U, 
Pb, Ta, In, Nb, Fe, Al and C. These model 
predictions for a 590 MeV proton beam were 
compared with measurements of Cierjacks et 
al. /l/ made at the SIN facility. In general 
the model predicts approximately the correct 
neutron production in the evaporation re- 
gion, whereas in the high energy region 
0100 MeV) are substantially discrepancies 
between measurement and model predictions. 
As an example calculated yields for 3He and 
4He production were also compared with mea- 
sured cross sections. From these limited 
comparisons shown here it is evident that 
there are large differences between theore- 
tical evaluations and measurements. 

INTRODUCTION 

As part of a study to assess the accuracy 
of state-of-the-art high-energy models for 
spallation neutron source applications, the 
intranuclear-cascade-evaporation model has 
been used to predict the double differential 
neutron production cross sections for non- 
elastic collisions of protons with uranium, 
lead, tantalum, indium, niobium, iron, alu- 
minium and carbon nuclei. The purpose here 
is to predict some comparisons of model va- 
lidation calculations mainly with experimen- 
tal data for neutron spectra produced in 
thin targets. 

CALCULATIONAL PROCEDURE 

The calculations are made using HETC/KPA-1 
/.?/ with the so- called "thin target setup" 
with 590 MeV protons. Por uranium the 
Rutherford and Appleton high energy fission 
model (RAL) /2/ with BO = 8 MeV and the pro- 
duction of secondary evaporation particles 
isotropically in the lab system were used 
/2/. For all other targets the variable BO- 
option of HETC/RPA-1, without high energy 
fission and a non isotropic emission for 
evaporation was assumed. 

All cases were run with about 30000 real 
collisions per target with 1 hour computer 
time on IBM-3033. The cases were measured 
by S. Cierjacks et al. /l/ and the final 
evaluation of the measured data for mate- 
rials U, Pb, Ta, In, Nb, Fe, Al and C mea- 
sured at angles of 30°, 90° and 150° were 
compared. The materials input for HETC/ICPA-1 
is given in Table I and the energy and angle 
grids for the analysis is shown in Table II. 

Table I Material Input 

Target Z A NA(AtOlI&3/Cm3 X 10-24) 

U 92 238 0.0483 
Pb 82 207 0.0329 
Ta 73 181 0.0552 
In '49 115 0.0382 
Nb 41 93 0.0554 
Fe 26 56 0.0846 
Al 13 27 0.0602 
C 6 12 0.1104 

Table II Energy and Angle Grid for Analysis 
of HETC/RPA-1 Results 

Energy Grid 6 Grid 

0 
0.15 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0. 
1.5 
2.0 
3.0 

15 
20 
30 
40 
60 

1:: 
150 
200 
300 
400 

00 
5 

10 
15 
20 
25 
35 
40 
50 
65 
80 

4.0 500 100 
6.0 600 120 
0.0 140 

10.0 160 
180 

27 AE Intervals 15 AE Intervals 

For evaporation particles the following 
angle grid is used 

Calculated Evap. Angle in Experiment 

O" - 600 23O / 30° 
600 - 1200 900 

1200 - 1500 1500 

The following results were evaluated from 
the HETC/ICPA-1 calculations 

double-differential yield spectra for each 
particle type 

Yi (B,e), no./(MeV.str) per incident proton 

where i- 
= 

- marginal 

Yi (B)r 

emitted particle type 
n(evap+cascade), p(evap+cascade), 
d, t, 3He, u, n+, no, n-. 

distributions, summed over angle: 

no./MeV per proton 

- 
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- marginal distributions, summed over energy: 

Yi (e), nO./Str. per proton 

- total yield, over all energy and angle: 

Yi , no. per proton 

To compare with the KfK data in terms of 
cross sections, the "yield spectra" must 
be multiplied by the inelastic cross sec- 
tion oin, computed by HETC, which can be 
obtained in the following way: 

From HETC listing (printed information at 
beginning of run) the value for the macros- 
copic geometric cross section, C , is 
printed (in units of cm-l). 

Then, in units of barns: 

oin = Cin/Na = l/N, x CC x PR 

where N, - atom density value used in HETC 
input 

FR - fraction of incident protons 
that have "real" collisions 

(no. real collisions) 
= (no.real collisions + no.pseudo collisions) 

where these are values printed at end of 
HETC output. 

Then 
d2o/dEdn (b/MeV.str) * Yn(E,a) Oin 

is to be compared with KfK data. 
In Table III the calculated Oin VS. A number 
are given. 

Table III Calculated oin vs. A number 

Mass Number A Oin (barn) 

U-238 1.849 
Pb-207 1.683 
Ta-181 1.563 
In-115 1.183 
Nb-93 1.035 
Fe-56 0.7486 
Al-27 0.4622 
c-12 0.2629 

NEUTRON SPECTRA COMPARISONS 

We show only some examples of the whole 
comparisons which are made. The complete va- 
lidation is given in Ref. /3/. Figures l-4 
show comparisons of the calculations and KfK 
measurements for neutron.spectra of uranium 
at 30°, 90° and 150°, Figures 5-8 for lead, 
Figures 9-12 for iron and Figures 13-16 for 
carbon. The basic conclusions we draw from 
these comparisons are: (a) for all materials 
there-is a good agreement in the evaporation 
region of the spectrum (few MeV upto 20 MeV) 
except for the lighter.materials as Al and 
C. The high energy part of the spectrum (1 
100 MeV) is underestimated by the calcula- 
tions, by a factor of 2-3 for small (e.g. 
30°) angles, with much worse agreement at 
the higher angles. This is similar for all 
target materials. 

GAS PRODUCTION CROSS SECTIONS 

Also low energy charged particle produc- 
tion from nuclear collisions is very impor- 
tant for predictions related to radiation 
effects and material selection for high cur- 
rent spallation facilities /4/,/5/. The used 
nuclear models /2/ are capable bf-calcula- 
ting the spatial dependent production of 
low-energy particles as H, d, t, 3He and 
4He. But very little was done to check eva- 
luations against experiments. Together with 
our evaluation of neutron production measu- 
rements of Cierjacks et al. /l/ we got 
HETC/KPA-1 calculated low energy charged 
particle cross sections. We compared this 
data with several sets of measurements which 
have been made for various target materials 
for proton beam of about 600 MeV. 

As an example in Fig. 17 and 18 the cal- 
culated 3He and 4He production cross section 
vs. A are compared with measured cross sec- 
tions. The measured data are from several 
different experiments at, or near, 600 MeV 
mainly from Ref. /6/. Prom the limited com- 
parisons shown here it is evident that there 
dre large differences between theoretical 
evaluations and measurements. 

CONCLUSIONS 

The major deficiency of the present model 
is considered to be the underestimate of the 
high-energy neutrons and protons. We predict 
the correct neutron production in the evapo- 
ration region for elements heavier than iron 
with larger differences for lighter ele- 
ments. The present comparisons show an un- 
derestimation at high energies 0 100 MeV) 
by a factor of 2-3 for small angles (e.g. 
300), with much worse agreement at higher 
angles 900 and 150". The magnitude of the 
difference is still questionable because of 
the energy resolution due to the very short 
flight pathes (%l m length). There are model 
changes which would, we believe, improve the 
high-energy particle production. But measu- 
rements at other energies and with better 
resolution are needed to provide a complete 
evaluation. 

For that purpose model validation experi- 
ments (KFA-LANL(P9)-Collaboration are un- 
derway. In the meantime, this problem must 
be kept in mind in making predictions rela- 
ted to SNQ design. 
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Figure 1 Comparison of calculated and KfK 
measured neutron cross sections at 
30° from a thin uranium target 
bombarded by 590 MeV protons 

Figure 2 Comparison of calculated and KfK 
measured neutron cross sections at 
900 from a thin uranium target 
bombarded by 590 MeV protons 

Figure 3 Comparison of calculated and KfK 
measured neutron cross sections at 
150° from a thin uranium target 
bombarded by 590 MeV protons 

Pigure 4 

Figure 5 
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Ratio of calculated to measured 
neutron cross sections from a thin 
uranium target bombarded by 
590 M8V protons 

Comparison of calculated and KfK 
measured neutron cross sections at 
30° from a thin lead target 
bombarded by 590 MeV protons 
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Figure 6 Comparison of calculated and KPK 
measured neutron cross sections at 
900 from a thin lead target 
bombarded by 590 MeV protons 

Figure 7 Comparison of calculated and KfK 
measured neutron cross sections at 
1500 from a thin lead target 
bombarded by 590 MeV protons 
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Figure 8 
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Ratio of calculated to measured 
neutron cross sections from a thin 
lead target bombarded by 590 MeV 
protons 

Figure 9 Comparison of calculated and KfK 
measured neutron cross sections at 
300 from a thin iron target 
bombarded by 590 MeV protons 
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Figure 10 Comparison of calculated and KfK 
measured neutron cross sections at 
90° from a thin iron target 
bombarded by 590 MeV protons 
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Figure 11 Comparison of calculated and KfK 

measured neutron cross sections at 
150° from a thin iron target 
bombarded by 590 MeV protons 
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Figure 12 
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Ratio of calculated to measured 
neutron cross sections from a thin 
iron target bombarded by 590 MeV 
protons 
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Figure 13 Comparison of calculated and KfK 
measured neutron cross sections at 
30° from a thin carbon target 
bombarded by 590 MeV protons 

Figure 15 Comparison of calculated and KfK 
measured neutron cross sections at 
150° from a thin carbon target 
bombarded by 590 MeV protons 

Figure 16 
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Ratio of calculated to measured 
neutron cross sections from a thin 
carbon target bombarded by 
590 MeV protons 

Figure 14 Comparison of calculated and KfK 
measured neutron cross sections at 
90° from a thin carbon target 
bombarded by 590 MeV protons 
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Figure 17 Comparison of HETC calculated cross 
sections for 3He production with 
experimental data /6/ for 600 MeV 
proton bombardment 
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Abstract 

An assessment is made of the neutron source strength, thermal neutron flux characteristics, and target heat- 
removal limitations in sources driven by proton beams of intermediate energies. It is shown that a 70 mA, 
200 MeV proton acceleratqg wittrp PQ-Bi eutectic liquid target would provide an unperturbed peak thermal 
neutron flux of = 2 x 10 n.cm .s- in a D20 moderator. 

Introduction 

The long range goal of development of an Acce- 
lerator Breeder (AB) at AECL envisages construction 
of high current proton accelerators of energies up 
to 1 GeV. This will be achieved in several steps as 
outlined by Dr. Sc$riber in an earlier presentation 
at this Conference . In particular the second step 
calls for the development of a high current conti- 
nuous wave (cw) proton accelerator of intermediate 
energy, say 100 to 200 MeV. This will provide the 
front end of a full-demonstration breeder and an 
Electronuclear Materials Test Facility (EMTF). 

My talk is based on a feasibility study3 of the 

prospects of the EMTF beam dump as a neutron source 
for basic research. The scope of this study was to 
assess the source strength, thermal neutron flux 
characteristics and target heat-removal limitations 
assuming various conceptual target-moderator confi- 
gurations and 100 to 200 MeV proton beam energy. 

Neutron Yield Calculations and Measurements 

Calculations 

We used the CRNL version of the NMTC/MORSE 
codes for calculation of the neutron yields and 
thermal neutron flux distributions inside various 
moderating media. The NMTC code is an earlier 
version of the currently popular HETC code. These 
codes have been tested at high energies (EP > 400 
MeV) with tht experimental data obtained in several 
laboratories . The codes are based on theoretical 
models that are generally considered to be appli- 
cable at proton energies above 50 MeV. However, 

none of the previous studies had tested the codes 
for proton energies below 400 MeV. 

For verification of the theoretical calcula- 
tions at lower energies we measured total neutron 
yields and thermal neutron flux distributions in a 
vater moderator from 100 MeV proton bombardment of 
thick targets of Li, Fe, Cu, Pb and Th. Lithium and 
lead are important elements for high beam power 
sources which would require liquid targets whereas 
iron and copper are important accelerator structure 
materials. Thorium provided us with an estimate of 
the neutron yield due to fast fission which was not 
included in the NMTC calculations. 

Measurements 

Experimental details of the measurements were 
$esgcribed by Dr. Jones at the ICANS-VI Conference- 

1 . Here I will give a brief outline and update of 
the results. Figure 1 shows a schematic diagram of 
the water moderator tank with about 70 gold foils 

placed at various locations for measurement of 

Diameter 1.5 m 

Target ’ Frame 

I Gold Fads 

Fig. 1 Schematic setup of the experiment for 
neutron yield and flux distribution measurements. 

thermal neutron flux distribution. The insulated 
water tank, 1.5 m diameter, 1.5 m high was used as a 
Faraday cup for proton beam current measurement to 
an accuracy of 1.5%. The total neutron yields were 
determined from the volume integral of the measured 
thermal neutron flux distributions and the known 
absorption cross section of water. 

Comparison 

Table I shows the measured and calculated total 
neutron yields for various target materials. It is 

evident that even at this low energy the NMTC code 
predicts the total neutron yield to an accuracy of 
about 20% or better. The biggest discrepancy 
between the measured and calculated yields is for 

a lithium target. This is not surprising since the 
evaporation model and the global parameters used in 

the CRNL version of the NMTC code are optimized for 
heavier nuclei. It will be interesting to compare 
the data with7the predictions of the KFA version of 
the HETC code which includes updated input data for 
nuclear models used in the calculations of 
evaporation neutrons. 
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Table 1 

Target Yield Per Proton 

7Li 

56Fe 

CU 

Pb 

Th 

Experiment Calculated Deviation 

0.123 0.160 + 33% 

0.115 0.122 + 6% 

0.145 0.169 + 17% 

0.343 0.363 + 6% 

0.530 0.449 - 15% 

‘O13k 
h z integration from -12.5 to - 
E . . . _. -7.5 cm 

‘_ 
T’ 

IO” 
LI 

Target 

?I 

i: 
k 
m’ ” ‘4 -------Measured Flux 
z IO’O 

4 Calculated Flux 

logOI 60 70 

Radial Poslhon r (cm) 

Fig. 2 Comparison between the calculated and 
measured volume averaged thermal neutron radiyl flux 
distributions, inside an Hfl moderator, from Li. 
(p,xn> reaction at 100 MeV. The axial interval far 
averaging is -2.5 cm to +2.5 cm. The error bars 
show the statistical uncertainties in the Monte 
Carlo results. 

A comparison of the calculated and measured 
thermal neutron flux distributions for the Li and Pb 
targets is shown In Figures 2 and 3. The agreement 
is quite good in case of Pb but not so good for 
lithium. In case of lithium the calculated peak 
thermal flux is high by almost a factor of’2.5. 
Furthermore the calculated fluxes fall off more 
rapidly than the measured fluxes with radial dis- 
tance. A better fit to the Li data would 
require changing the average energy of the calcu- 
lated source spectrum from 6 MeV to about 16 MeV. 
This discrepancy emphasizes the inadequacy of the 
evaporation model with isotropic neutron emission 
presently incorporated in the NMTC code.Inclusion of 
the pre-equilibrium neutron emission with an iso- 
tropic angular distribubian may provide better 
agreement with the data . 

Pb 
Target 

n&ration from -2.5 to +2,5cm 
1 

I Measured Flux 

IO’O 

0 IO 

, *CalcuJated Flux 1 

20 30 40 50 60 ‘* 70 

. Radial Positlon r km) 

Fig. 3 Comparison of the calculated and measured 
volume averaged thermal neutron radial flux di6tri- 
butions, inside an H7_0 moderator, from Pb(p,xn) 
reaction at 100 MeV. The’ axial interval for 
averaging is -2.5 cm to +2.5 cm. The error bars 
show the statistical uncertainties in the Monte 
Carlo results. 

Neutron Yield Versus Energy 

Figure 4 shows the calculated neutron yield per 
incident proton for several elements as a function 
of proton energy from 100 to 400 MeV. The neutron 
yield increases with atomic number of the target 
element as well as the proton energy. For practical 
reasons a high intensity neutran source produced 
with intermediate energy proton6 would require a 
liquid target for transfer of megawatts of heat 
dissipated in a relatively small volume of the 
target. 

I t I 

CALCULATED TOTAL NEUTRON YIELDS 
10.0 - 

/’ 0.1 I , 6 < 

50 100 150 200 250 300 350 LOO 

PROTON ENERGY lMeVI 

Fig. 4 Calculated neutron yield per incident 
proton as a function of the proton energy. 

. ._ 



Two materials that could be used as liquid targets 
are lithium and a Pb-Bi eutectic. The neutron yield 
from lithium is low but the proton range in lithium 
is considerably larger than in Pb-Bi, see Table II. 
Thus at lower proton energies much higher beam power 
may be dissipated in a lithium target than a Pb-Bi 
target. 

Preliminary estimates of the neutron yields and 
the target heat-dissipation limitations indicated 
that, with 100 MeV protons, a lithium target would 
provide the highest possible peak thermal neutron 
flux whereas, with 200 MeV protons, a Pb-Bi target 
would be better. 

Table II 

Element Melting Point 
Oc 

Boiling Point Proton Range 
“C 100 MeV 200 MeV 

cm cm 

Li 180.6 

Pb-Bi 124 
(44.5% Pb) 

1342 17.3 58.2 

1677 1.6 5.1 

Target-Moderator Assemblies 

Thermalhydraulic considerations of liquid 
targets of various configurations, e.g. coaxial, jet 
and falling curtain, indicated that a maximum of 30 
MW beam power of 100 MeV protons could be dissipated 
in a liquid lithium target. Whereas a maximum of 14 
MN power of 200 MeV proton beam could be dissipated 
in a Pb-Bi liquid target. Estimates of target flow 
rates and temperatures under these conditions are 
summarized in Table III. In both cases the target 

flow rates are quite high but practicable. 

Detailed calculations of the thermal neutron 
flux distribution in various moderating media, C, 
H20 and Dfl were carried out assuming the idealized 
geometries of target-moderator assemblies shown in 
Figure 5. A proton beam of circular cross section 
10 cm in diameter, having uniform density within the 
beam area, was assumed to be incident on the front 
face of the target. 

Table III 

Target Temperature and Flow gates 

Beam Energy 100 Mev 200 MeV 

Target Li Pb-Bi 

Power 30 Mw 14 Mw 

Target Inlet Temperature 275°C 275’C 

Mean Target Outlet Temp. 375°C 375°C 

Target Mass Flow Hate 72 kg/s 952 kg/s 

Target Volume Flow Hate 145 a/s 93 a/s 
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PROTON BEAM 

VERTICAL SECTION HORIZONTAL SECTION 

lb1 ICI 

Fig. 5 Schematic drawings of the idealized geome- 
tries of target moderator assemblies used in calcu- 
lations of the moderated neutron flux distributions. 

Thermal-Neutron FLUX Distributions for a 100 MeV, 
30 MW Li(p,xn) Source 

For a 30 MN beam of 100 MeV protons incident on 
a lithium disk target the calculated axial thermal 
neutron flux distributions are shown in Figure 6. 
The peak values, 6.0, 5.0 and 4.4~10~~ n.cmv2.ss1 
occur at distances of approximately 1, 10 and\14 cm 
from the back face of the lithium target for H20, 
D20 and graphite respectively. Axial fast neutron 
flux distributions inside a graphite moderator are 
shown in Figure 7. The effect of a Be multiplier 
blanket around the lithium target was investigated 
but showed little enhancement of the peak thermal 
flux. 

ARGON MODERATOR 
0 MODERATOR 

10’4 

AXIAL DISTANCE FROM TARGET FRCNT FACE 
km) 

Fig. 6 Axial distribution of the neutron fluxes. 
inside various moderators, from ‘Li (p,xn) reaction 
at 100 MeV. 

Measurements of the thermal neutron flux from 
bombardment of a lithium target with a well colli- 
mated (1 cm diameter) 100 MeV proton beam and an H$l 
moderator gave a peak value which is = 2.5 times 
lower than the calculated value. From this we esti- 
mate that, for the extended proton beam 10 cm in 
diameter, the calculations overpredict the peak 
thermal neutron flux by as much as a factor of 2. 
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Fig. 7 Fast neutron flux distributions inside a 
carbon moderator from the ‘ILi(p,xn) reaction at 
100 Mev. 

Thus a 30 MW beam power of 100 MeV protons 
incident on a lithium target would pro$uzT a peak 
thermal flux of only about 3x10 14n.cm- 8 which is 
already available from our.25 year-old’NBU reactor. 

Thermal Neutron Flux Distributions for a 200 MeV, 
14 MW Pb(p,xn) Source 

For higher thermal fluxes the proton energy 
must be increased. At higher proton energies the 
increase in neutron yield from lithium is much 
slower than from Pb or Bi, see Figure 4. For this 
reason we considered only a Pb-Bi eutectic target 
with a 200 MeV proton beam of 14 MW power. Two 
moderators, l-I?_0 and D20, were considered. Flux 
perturbation due to the extended target tube for a 
liquid target and external neutron beam holes 
through the moderator was studied by assuming the 
simple conceptual design shown in Figures 5b and 
5c. In addition to the liquid target inlet and 
outlet tubes, four external neutron beam tubes, each 
12 cm ID, were placed as shown in these figures. 
The location of these tangential tubes was based on 
the results of unperturbed flux calculations. 

For investigation of the perturbed fluxes, 
parasitic absorption in the target material and in 
the external neutron beam tube was included in the 
calculations. The beam tubes were assumed to be 
made of aluminum tubing of 1 cm wall thickness. The 
target and its containment tube material was assumed 
to be Pb. The neutron yield from Bi is comparable 
to that from Pb but thermal neutron absorption is 
less. For calculations of fluxes of moderated 
neutrons the density of the lead target was assumed 
to be equal to that of the Pb-Bi eutectic. 

For the Ii20 moderator the axial diettibution O* 
the unperturbed neutron fluxes, averaged over a 
cylindrical slice extending from 5 to 10 cm radius, 
are shown in Figure 8. The peak unpp;turbed_ 2th’fmal 
neutron (En < 0.4 eV) flux iS z 2x10 n.cm .s 
and it occurs very close to the target. The flux 
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falls off very rapidly with distance from the 
primary source and the region of oeak thermal flux 
is small. Insertion of the external neutron beam 
tube and the extended target tube in this region 
perturbs the flux considerably. At the base of the 
12 cm ID, 1 cm thick wall A1 external beam tube, the 
thermal neutron flux drops by almost a factor of 
3.3. Because of this large perturbation of the flux 
an H20 moderator is not suitable for a source with 
external neutron beam holes. 

I50 cm 0.0. 
I50 cm HEIGHT 

E-c 0.41 eV 

-‘- 1.35-f E, < 14.9 MEv 

AXIAL DISTANCE km) 

Fig. 8 Axial distributions of neutron fluxes, 
inside an H2d moderator, from the Pb(p,xn) reaction 
at 200 MeV. The fluxes are averaged over a cylin- 
drical slice extending from 5 to 10 cm radius. 

AXIAL DISTANCE km1 

Fig. 9 Axial distributions of neutron ‘fluxes, 
inside a Dfl moderator, from the Pb(p,xn) reaction 
at 200 MeV. The fluxes are averaged over a 
cylindrical slice extending from 5 to 10 cm radius. 
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Figure 9 shows the axial distribution of the 
unperturbed neutron fluxes inside a D 2PSm;dE;ly;11 
Here the peak thermal flux is = 1.9x10 

and falls off gradually with distance from the tar- 
get. The vertical arrows indicate the location 

nearest to the target where a tangential external 
beam tube could be placed. 

The distribution, of the perturbed neutron 
fluxes in the D$ moderator calculated for a region 
adjacent to the external beam tube, see Figure SC, 
is shown in Figure 10. In this case the thermal 

the tangential beam tube 

I NEUTRON FLUX’DISTRiBUTIOti 
ALONG A BEAM TUBE 

200 WV. 70 mA. Pb 

D,O MODERATOR 

FULL TARGET, 4 BEAM TUBES 

10IZQ 2b ‘ilo 4b 510 Gb 710 

RADIAL DISTANCE Icm) 

Fig. 10 Neutron flux distributions along a beam 
tube, see Fig. 7c, for D20 moderator and Pb(p,xn) 
reaction at 200 MeV. The arrows indicate the 
location of the base of the external beam tube. 

Conclusions 

This preliminary investigation shows that a 
70 mA, 200 MeV accelerator with a Pb-Bi eutectic 

target and a D@ moderatorlyould 3rovilde a peak 
thermal neutron flux of 10 n.cm- .s- at the base 
of several external tubes with a Cd ratio of = 4. 

In this preliminary study we have not investi- 
gated the cost effectiveness of the intermediate 

energy proton induced spallation source reaction for 
neutron production. However, qualitatively the com- 

petitiveness of this reaction can be judged from 
Figure 11 which shows the neutron yield per incident 
particle and the target-heat dissipation per avai- 
lable neutron from various source reactions of 
interest. By comparison, thermal fission reactions 
yield about 1 available neutron with 200 MeV heat 
production per fission event. The low energy T(d,n) 
reaction generates about 2500 MeV per neutron produ- 
ced. Deuteron induced spallation reactions give 
about 25% higher neutron yield than do protons at 
comparable beam power. However, the deuteron beam 
produces more activation in the accelerator struc- 
ture. The only reaction that will be very efficient 
with respect to the heat release is the (t,d) fusion 
reaction which presently is not technically 
feasible for very high intensity neutron sources. 

Thus if neutron yield and the target heat 
removal were the only considerations Figure 11 

shows clearly the superiority of proton induced 
spallation reactions, even at intermediate energies 

(EP > 100 MeV), for high intensity neutron sour- 
ces. In addition the Y-ray production will be con- 
siderably less for (p,xn) than for (e,xn) reactions 

or fission. Of course higher proton energies 
provide higher efficiencies and probably more 
versatility in the design of a source with special 
characteristics, such as a pulse-time structure, but 
probably at the expense of higher background from 
fast neutrons and high energy y-rays. 

BEAM ENERGY (MEW 

Fig. 11 Comparison of neutron yields and energy 
disposition in various reactions in targets of 
thickness equal to the beam penetration. 
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ABSTRACT 

Several modifications have been made to 
the high-energy radiation transport code 
HETC in conjunction with model validation 
and SNQ target station design calculations 
being carried out at ICFA. The updated fea- 
tures of the new version of the code, desig- 
nated HETC/KFA-1 are.summarized. 

1. INTRODUCTION 

.The High-Energy Transport Code (HETC), 
Ref. /l/, is being used at ICFA for various 
predictions related to SNQ target station 
investigations, and basic physics experi- 
ments to check the accuracy of the models 
incorporated in HETC are also being carried 
out. Several modifications have been made 
to HETC in conjunction with this work, and 
others are in progress and planned. 

Modifications to the code which have been 
incorporated and documented to date as a new 
code version designated HETC/WA-1 are sum- 
marized below in Section 2. The documenta- 
tion for this version of the transport code, 
awe11 as for a general analysis code for 
transport results called SIMPEL, is con- 
tained in Ref. /2/. 

In addition, several other modifications 
to HETC have been implemented, but not yet 
documented or fully tested; these are sum- 
'marized in Section 3. 

2. CODE MODIFICATIONS INCORPORATED AS . 
HETC/ICFA-1 

2.1 Updated Nuclear Mass Data 

In the evaporation model calculations, 
atomic masses are needed to determine bin- 
ding energies for various types of particle 
emissions. In the standard version of HETC, 
the evaluated 1964 Atomic Mass Table yalues 
are used. These input data have been updated 
to use the 1977 Atomic Mass Evaluation va- 
lues of Wapstra and Bos /3/. 

Spallation collisions often produce resi- 
dual nuclei outside of the A and Z range 
covered by these input mass data (e.g., Pi- 
gure 11, in which case the Cameron semi-em- 
pirical mass formula is used. In computing 
mass differences, unrealistic values can 
sometimes be obtained if the table values 
are used for the starting nuclide and the 
semi-empirical formula used for the ending 
nuclide. A change was made to use the mass 

formula for both nuclides if either one is 
outside the input table range, which pro- 
vides a more consistent treatment. 

Figure 1 Nuclide A and Z range covered by 
updated input data for evaporation 
model. The symbols denote nuclides 
for which data are available and 
stored on the input tape. (Only 
data for A < 90 shown) 

2.2 Level Density Option 

The level density formulation used in 
HETC for the evaporation model is a = (A/BU) 
(1 + Y(A-2Z)2/A2) with Y - 1.5, or a A/Bn. 
The parameter.Bg; which has an important in- 
fluence on neutron production, is set to 8 
MeV in the standard version of HETC for all 
nuclei. 

An option has been added to allow B8 to 
vary with A. The values used are those com- 
piled by Baba /4/ from experiments on nu- 
clear level spacing (Figure 2). 

2.3 Angular Distribution of Evaporation 
Particles 

In the standard version of HETC, emitted 
evaporation particles are usually assumed 
isotropic in the laboratory system. Dr. R. 
Prael of Los Alamo8 has made the kinematic 
modifications to take into account the re- 
coil direction of the residual nucleus du- 
ring evaporation, and these changes have 
been incorporated into HETC/KFA-1. In this 
procedure,.the evaporation particle direc- 
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tions are selected from an isotropic center- 
of-mass distribution, and this angle and the 
recoil direction are transformed to provide 
non-isotropic angular distribution in the 
laboratory system. 

2.6 Miscellaneous 

0 so 100 150 200 250 
B 

I I I -0 
7 

4 

IS0 260 250 
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Figure 2 Level density parameters (circle 
symbols measured data, cross symbol 
interpolated values) incorporated 
as a "variable BO" option in the 
HETC/WA-1 code. (The linear de- 
pendence of A/0 is usually assumed 
in the HETC code). 

2.4 High-Energy Fission Option 

An option for allowing high-energy fis- 
sion using the Rutherford and Appleton Labo- 
ratory (RAL) model written by F. Atchison 
/5/ has been incorporated into HETC/ICFA-1. 
A series of calculations to check this model 
against experimental data and the ORNL fis- 
sion model for both thick and thin targets 
has been carried out at ICFA. Some of these 
results have been reported at previous ICANS 
meetings, and all of the comparisons made 
are included in a recently issued KFA report 
/6/. 

2.5 Low-Mass Heavy Ion Beams 

In addition to the standard source par- 
ticles allowed by HETC (which are p, n, n+, 
and fi+), modifications are incorporated into 
HETC/WA-1 to include beam particles with 
masses up to A = 10. The basic procedure is 
to represent the projectile ion as a cluster 
of nucleons, and then treat ion-nucleus non- 
elastic nuclear collisions as the sum of in- 
dividual nucleon-nucleus collisions using 
the standard intranuclear-cascade-evapora- 
tion model contained in HETC. 

Other updates included in HF.TC/EFA-1 in- 
clude range straggling for primary beam par- 
ticles, different transport energy cutoffs 
for ionization and nuclear collisions, modi- 
fications to the Coulomb scattering treat- 
ment, and a procedure for obtaining the 
spectra of r-rays from spallation collisi- 
ons. 

3. OTHER UPDATES 

The HETC code has also been extended to 
include elastic scattering and importance 
sampling, as summarized below. However, 
these modifications have not as yet been 
fully tested, so they are not included in 
the version HETC/EFA-1. 

3.1 Elastic'scattering 

Updates have been made to allow elastic 
scattering for neutrons in the energy range 
from 15 MeV to 20 GeV and protons from 100 
MeV to 20 GeV, for target nuclei of arbitra- 
ry A. 

For elastic cross sections up to the 150 
MeV, we have used values from the ORNL HILO 
cross section library /7/, which are based 
on optical model calculations. While this 
library extends to 400 MeV, the values above 
150 MeV are too large, as shown for iron, 
for example, in Figure 3. Thus, in the ener- 
gy range from 150 MeV to 20 GeV values are 
taken from the estimates of Wilson and 
Costner /8/, which are referred to in Figure 
3 as the NASA library. 

2 

Figure 3 Comparison of neutron elastic cross 
sections for iron from various sources. 

The angular distribution of elastically 
scattered particles is selected from an ap- 
proximate optical model expression: 

f(x) (Jl(x)/~)~ 

case = 1-1/2x2 (aAll (E(E+1878))l/2+1)-2 

where Jl is a first kind, first order Bessel 
function and a = 7.095 x 10-3. 
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3.2 Importance Sampling 

The HETC code has been modified to incor- 
porate the following variance reduction 
techniques for improved statistical accura- 
cy: (a) collision biasing, where particle 
splitting and Russian roulette are allowed 
for cascade particles emerging from collisi- 
ons, (b) boundary biasing, where splitting 
and Russian roulette are allowed for partic- 
les crossing geometry/media boundaries, and 
(c) the exponential transform, where path 
lengths can be biased according to the “im- 
portance” of the particle direction. These 
importance sampling techniques have been 
programmed in such a way that the degree of 
biasing can be specified according to vari- 
ous types of criteria that depend on parti- 
cle parameters, material properties, and 
target geometry. . 
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SUMMARY 

The features of the calculational methods 
being used at ICPA for SNQ target shield de- 
sign studies are discussed. The existing 
high-energy cross section data base is chec- 
ked against the requirements of these calcu- 
lations. The two available libraries, HILO 
and LANL, are intercompared by calculation 
of neutron fluxes in an iron sphere as a 
simple benchmark. This benchmark problem was 
also used to compare codes. A fast running, 
easy to operate shielding layout and assess- 
ment code called CASL is described, which 
uses approximate, semi-empirical physics 
treatment. 

1 INTRODUCTION 

Shielding problems of high proton current 
spallation neutron sources are unique in 
terms of calculational requirements because 
of the combination of a relatively high-ener- 
gy source, large shielding dimensions, and 
geometric complexities. Presently there does 
not exist a computer code system and further- 
more only few data suitable for high energy 
neutron transport calculations are available. 
There is little experience with the type of 
calculations needed and the influence of the 
presently available data bases are not known. 

Therefore, we checked the data and compu- 
ter codes available, whether they are suit- 
able to meet the difficult requirements of 
this predominately deep penetration problem 
and proposed a "high-energy neutron shielding 
benchmark", as neutrons are the main partic- 
les in this context. The benchmark allows 
both comparison of cross-section data libra- 
ries and different methods of calculation. 

2 CROSS SECTION DATA BASE 

The shielding code system suggested here 
requires high-energy multigroup cross section 
data for the discrete ordinates transport 
calculations. Much of the needed cross sec- 
tion data are available, but present data ba- 
se is not completely compatible with SNQ ap- 
plication requirements because the maximum 
neutron energy considered is 800 MeV. Also, 
there are other approximations in the present 
data base whose accuracy is questionable for 
the very thick shields of interest for the 
SNQ. 

The approach suggested here is to make ad 
hoc modifications to the present data to al- 
low "Phase I" calculations to be made, which 
would include transport calculations to test 
the importance of present approximations. 

2.1 Status of Present High-Energy Trans- 
port Cross Section Data Base 

A multi-energy group cross section library 

(called HILO /l/) for coupled neutron/r-ray 
transport has recently been developed at ORNL 
in a format compatible with ANISN and DOT in- 

put requirements. Features of this library 
are summarized in Table I. These data have 
been obtained by using experimental data at 
low energies (< 14.9 MeV) and theoretical mo- 
dels at high energies (14.9 - 400 MeV). 

Table I 

Features of the HILO Library 

- Energy Range 

Neutrons: 
7 rays: 

thelmal to 400 MeV 
lo- MeV to 14 HeV 

- Group Structure 

66 neutron groups 
21 r-ray groups 

- Angular Expansion 

P5 expansion for E>14.9 YeV 
P3 expansion for E<14.9 MeV 

- Elements Available 

H,B,C,N,O,NarMg,AlrSir 
S,K,Ca,Cr,Pe,Nl,W,Pb 

Some work has also been done at Los Alamos 
/2/ to obtain a high-energy cross section set 
which extends for neutrons to 800 MeV. These 
cross sections were obtained in a manner si- 
milar to that of the HILO library -- i.e., 
ENDF data at low energies (<20 MeV) and opti- 
cal model and intranuclear-cascade-evapora- 
tion model calculations for higher energies. 
The features of the LANL library are given 
in Table II. 

_ 

Table II 

Features of the LANL Library 

Energy Range 

Neutrons: thermal to 800 MeV 

Group Structure 
41 neutron groups 
(8 groups above 50 MeV) 

Angular Expansion 

P3 expansion 

Elements Available 

H,C,O,Al,Si,Pe,Mo,W,Pb 

It should be noted that the Los Alamos 
cross section library does not include elas- 
tic scattering for nuclides other than H at 
high energies. This may have implications for 
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1) 

i 

2) 

3) 

4) 

5) 

the SNQ bulk shielding calculations in compa- - Source energy of those neutrons should 
ring iron vs. cast-iron since cast-iron con- be sufficiently high and identical in 
tains nominally 20 atom per cent C and Si. all calculations. 

2.2 Approximations in Present Data Base 

The main restriction'in using directly the 
HILO library is that the maximum neutron 
energy allowed is 400 MeV, whereas for the 
SNQ we have neutrons up to the proton beam 
energy of 1100 MeV. 

With the above requirements the follow- 
ing model1 was defined: 

- Iron sphere of 200 cm radius density of 
the iron: p=8 g/cm3 

- no impurities 
Other considerations for present applica- 

tions of the HILO data base include: 

The high-energy neutron production is ba- 
sed on intra-nuclear-cascade-evaporation 
model calculations where the spectra were 
tabulated in rather broad angular inter- 
vals(O-30°, 30-60°, 60-90°, and 90-1800) 
The radiation penetrating deeply in thick 
shields is mainly high-energy neutrons 
with peaked angular distributions. 
Therefore, it is not clear that these few 
broad angular intervals are adequate for 
very deep penetration problems. 

- a homogeneous and isotropic neutron 
source is located in the center as a 
sphere of radius 5 cm. The energy spec- 
trum of that source is a flat distribu- 
tion from 300 to 400 MeV, comprising 
exactly the first 4 energy groups of 
the HILO library and the fifth group of 
the LANL library, the highest groups 
that are common to both of the two 
existing libraries in the high energy 
region. 

The cross sections represent neutron pro- 
duction by neutron induced collisions. 
Thus, if neutrons actually produce charged 
particles (protons or pions) in collisi- 
ons, and these charged particles produce 
neutrons, these latter neutrons are not 
accounted for. 

The Monte-Carlo-Code considered was the 
HETC program, and for one-dimensional_trans- 
pt calculations ANISN. For the calculations 
here the energy range was taken from 50 to 
400 MeV, because onyl high-energy neutrons 
are of interest to deep penetration and both 
libraries have group limits at 50 and 400 
MeV, respectively. 

The r-rays produced by low-energy (<14.9 
MeV) neutron collisions are included, but 
v-ray production by higher-energy neutron 
collisions is neglected. 

For the very heavy elements (W and Pb) 
elastic scattering is neglected because 
the P5 order expansion is not adequate to 
describe the angular distributions. 

The high-energy neutron cross sections 
were generated using a version of the in- 
tranuclear-cascade-evaporation model that 
existed in the early 1960's. There have 
been several improvements to the model 
(and the input data used) since then. 
The Los Alamos library was also generated 
using old versions of the model -- MBCC-3 
and BVAP-3. There is not much documenta- 
tion about the Los Alamos library. However 
the approximations given above are similar 
also in this library. 

2.3 Library Comparison by Benchmark 
Calculations 

Requirements to the Benchmark: 

- It is thought of a bulk shielding 
problem only 

- Geometry should be simple that one-di- 
mensional transport codes can run with- 
out approximations and results can be 
compared directly with Monte Carlo. 

- Only neutron are considered as they are 
dominant particles and most radiation 
transport codes work only on neutral 
particles. 

The iron sphere was radially subdivided 
into 40 meshes of 5 cm, to perform the follo- 
wing 4 ANISN calculations: 

with library to expansion 
HILO PO (HILOPO) 
HILC P5 (HILOP5) 
LANL PO (LANLPO) 
LANL P3 (LANLP3) 

In addition a HETC calculation was made 
and evaluated with the auxiliary code SIMPEL 
/3/. SIMPEL produces mesh fluxes for primary 
and secondary neutrons, the sum of which was 
compared with the ANISN results. . 

Results of the Benchmark Calculations 

Fig. 1 shows the neutron flux of the SOUY- 
ce group for ANISN calculations HILOPC and 
HILDP5. It is seen, that the flux in the SUY- 
face mesh (at 200 cm) is higher by orders of 
magnitude in the HILOP than in the HILOP 
calculation. This, however, was to be expec- 
ted, but leads to the question whether a P5 
expansion of the cross-section is already 
sufficient to describe transport of high 
energy neutrons adequately. 

Pig. 2 shows the neutron flux of the SOUY- 
ce group for ANISN calculations LANLPC and 
LANLP3. Unlike the results of the.HILC calcu- 
lations the flux in the surface mesh is for 
LANLP3 only twice that of LANLPU. This some- 
what surprising result is due to the fact 
that there is no elastic scattering cross- 
section for high energies in the LANL library 
and on the other hand elastic cross sections 
in HILG are much too high in this energy re- 
gion. 



Fig. 1 Neutron Flux (300-400 MeV) per 
Source Neutron (Integrated over 
Mesh and Time) t HILOPO * HILOPS 

Fig. 2 Neutron Flux (300-400 MeV) per 
Source Neutron (Integrated over 
Mesh and Time) * LANLPO + L?U?LP5 

Because naturally the calculations in the 
higher P orders give higher fluxes in the 
surface mesh, the results of these calculati- 
ons were compared. Fig. 3 shows the flux in 
the whole energy range from 50 to 400 MeV. 
The general trend, which is stated here is 
that using higher P expansion of neutron 
cross sections leads to higher fluxes in the 
surface mesh. Thus the question arises whe- 
ther the current available expansions (P3 for 
LANL, P5 for HILO) are sufficient. To clarify 
this the ANISN LANLP3 calculation which re- 
sults in the highest flux was compared to an 
according HETC-Monte-Carlo calculation. 

In general can be stated, that flux valu- 
es of LANLP3 are lower in the vicinity of the 
surface than those of the HETC calculation. 
The discrepancies are, however, with standard 
deviation of about 30 % marginal in the case 
of HETC and should therefore not be overem- 
phasized. 

; 
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Fig. 3 Neutron Flux (50-400 MeV) per 
Source Neutron (Integrated over 
Mesh and Time) t HILOPS *IANLP3 

- 

Fig. 4 Neutron Flux (50-400 MeV) per 
Source Neutron (Integrated over 
Mesh and Time) * HETC +LANLP3 

How insufficient the representation of the 
forward peaked cross section data might be, 
may be judged from Fig. 5 in which the angu- 
lar distribution of certain LANL data is com- 
pared to a HETC calculation. 

2.4 Data Base Modifications for Temporary 
Usage 

The high energy cross section library HILO 
has the advantage of containing y-cross-sec- 
tions, but it has the disadvantage that the 
maximum energy is 400 MeV and that further- 
more the elastic scattering seems to be in- 
correct. The L&NL library has the advantage 
that the maximum energy is 800 MeV, but has 
the disadvantage that r-ray-cross-sections 
are neglected. So we decided to generate a 
library which combines the advantages of both 
libraries.- 

We combined the libraries UNL and HILO 
in a way, that m-data are used for the 
neutron cross sections in the energy range 
from 800 MeV to 50 MeV and that HILC-data are 
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T 
these histogram data with continuous analytic 
functions for interpolation and to reduce the 
influence of statistical fluctuations, and 

.? I I (c) applying these analytic representations 
5 to put the data in the multigroup, Legendre 
t 0 expansion format needed by the transport co- 

des. In the HILC library,-a l/E flux-weigh- 
ting factor was used for averaging the cross 
sections over energy group. 

HEN 
J 

To account for the extreme forward peaking 
of the new data it is necessary to use very 
high P order expansion. To givepan impression 

a/- 
Fig. 6 shows several P approximations of a 
certain neutron production cross section of 
protons (the situation for neutrons is very 
similar). As can be seen, only Pig seems to 
be adequate. This may cause difficulties in 

-10 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 as la using those data by the transport codes. 
r 

Fig. 5 Comparison of An le Dependence of 
LANL P3 Data wit a HETC Calculation 

used for neutron energies less than 50 MeV 
and for v-groups. The new library contains 
the following eight elements as ANISN-format- 
ted data in Legendre expansion P3: 

\ H, C, 0, Al, Si, Fe, W, Pb 

The library consists of 53 neutron groups and 
21 v-groups. 

o PI9 

m 3 
x h 

I HEN cnlculolion 

Some provision has to be made for neutrons 
in the range from 800 MeV (present upper li- 
mit) to 1100 MeV (SNQ source energy). One 
simple method would be to assign all neutrons 
in this energy range to the midpoint of the 
energy group (700-800 MeV) presently allowed 
by the cross section set, but with an increa- 
sed neutron multiplicity to conserve energy. 
*hat is, the statistical weight of a source 
neutron with energy E>800 MeV would be multi- 
plied by E/750. This is somewhat justified 
because the neutron total cross sections are 
approximately constant in this energy range. 
However, the partial inelasticities (fraction 
of energy carried away from a collision by 
secondary particles) varies. 

2.5 Data Updates for High-Energy 
Shielding Codes 

We suggest that new cross sections be ge- 
nerated for at least one shielding material 
(Fe) with the energy range extended to 1100 
MeV and with finer angular resolution than 
the four broad intervals in the present HIM 
data base. This will allow transport calcula- 
tions to be made to see the difference in 
shield attenuation prediction by the present 
and updated data for the case of an Fe 
shield. A decision can then be made as to 
whether new cross sections should be genera- 
ted for other materials. 

One way of obtaining these updated cross 
sections is to us8 the same procedure as used 
in generating the HILO cross section set, 
which consisted of: (a) calculating differen- 
tial particle emission spectra and nonelastic 
cross sections using the Monte Carlo intranu- 
clear-cascade-evaporation model, (b) fitting 

Fig. 6 Legendre Expansion of the Neutron 
Production Cross Section for Protons 
on Iron:Ep=llOO MeV, E,=SOO-550 MeV 

Nuclear elastic scattering at high ener- 
gies (> 15 MeV) is a mechanism which is often 
neglected in high-energy radiation transport 
calculations because the energy loss and an- 
gular deflections from such interactions are 
small. However, there are several situations 
related to SNQ shielding estimates and hea- 
ting where elastic scattering effects may be 
important. For example, small angular changes 
can effect shield attenuation for very deep 
penetrations. 

Assessment of Elastic Cross Sections 

Elastic cross sections for neutrons have 
been collected from several sources for com- 
parison. For example, Figure 7 compares se- 
veral sets of data for iron including: (a) 
Cross sections from the low-energy (< 19.6 
MeV) DNA library /a/, which is based on ENDF 
data. (b) Cross sections from the OENL high- 
energy (( 400 MeV) HILO library. (c) Cross 
sections from NASA compilation for the energy 
range 100 MeV to 22.5 GeV /5/. (d) The measu- 
rents of Schlimmerling et al. /6/ in the 
400-1000 MeV range, and the measurements of 
Bellettini, et al., /7/ at 20 GeV. 
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Fig. 7 Elastic Scattering Data 

The main conclusion from Fig. 7 is that 
there are large differences in the data in 
the lo2 - 103 MeV range. In particular, the 
HILO values appear incorrect > 150 MeV. (This 
is also the case for other elements, e.g. the 
reason for the apparent error in the HIM 
cross sections at > 150 MeV is probably that 

the optical model parameters used based on 
fits to dat ( 50 MeV) are not applicable at 
high-energies. 

The A dependence of the HILO elastic acat- 
tering cross section at high energies also 
differs substantially from the NASA values. 
For example, at 400 MeV, eel A213 for the 
HILO library, whereas uel Aog4 for the NASA 
library. (The NASA values are in good agree-. 
ment with the measured /7/ dependence of 0~1 
Al-O4 for energies )lO GeV.) 

3 COMPUTER CODES 

We have considered different calculational 
methods for deep penetration problems showing 
us the following: 

The Monte-Carlo code HETC faces difficul- 
ties with statistics at depths of 1 m and 
more. On the other hand this code can treat 
protons and other charged particles and is 
capable of complex geometries. 

The one-dimensional transport program 
ANISN can calculate deeply into the shielding 
if suitable cross-section data is available. 
The main disadvantage is that it can treat 
only very simple geometry and no protons. 

3.1 HETC/ANISN Coupling 

We draw the conclusion that the combined 
advantages of the two types of codes could 
be helpful for deep-penetration problems: 

Near the source (within the target, the 
moderators and inner part of shield) calcula- 
tion is done with HETC as deep into the 
shield as secondary proton become negligible. 
In this area a coupling surface is defined 
at which the angle dependent neutron flux 
towards the outer surface of the shield 
is recorded by the auxiliary code SIMPEL. 
This flux is fed as a surface source into 
ANISN. Thus, the neutron fluxes within the 
shield beyond the coupling surface can be 
calculated in simple geometry (sphere or 

slab). A "coupled" calculation was performed 
as a test for the above mentioned benchmark 
of an iron sphere of 2 m radius. The neutron 
source was 5 cm volume source in the center 
with a flat energy distribution between 300 
and 400 MeV. A spherical coupling surface was 
chosen at radius 50 cm. After computing the 
surface source with HETC/SIMPEL the ANISN 
calculation was started in spherical geometry 
with black boundary conditions at the inner 
side of the coupling sphere. 

The LANL library was used in Legendre or- 
der Pg. The result of the calculation was 
compared with an ANISN only calculation star- 
ting again with a 5 cm thick volume source 
in the center of the sphere. The comparison 
is given in Fig. 8 and shows reasonable 
agreement. 

It is thought of providing coupling also 
to the 2-D transoort code DOT to allow colli- 

Fig. 0 Neutron Flux (50-400 MeV) per Source 
Neutron be ond coupling surface 
(Integrate X 
* ANISN only 

over Mesh and Time) 
+ ANISN/HETC Coupling 

3.2 The CASL Code 

High-energy radiation transport codes 
(namely, the discrete ordinates codes ANISN 
and DOT, and the Monte Carlo codes HETC and 
MORSE) are being applied at RPA to investiga- 
te some of the fundamental shielding problems 
associated with the SNQ. While these codes 
have the advantage of containing state-of- 
the-art physics treatments and cross-section 
data, they require considerable set-up and 
computing time. It is not practical to run 
these large transport codes for detailed cal- 
culations to address all of the numerous ra- 
diation safety questions and engineering-type 
design problems associated with target sta- 
tion, experimental area, and accelerator 
shielding. 

Therefore, we are writing a simple, fast- 
running Shielding Layout and Assessment Code 
(CASL) which has rather general source, mate- 
rial and geometry capabilities but which re- 
quires minimal computer and set-up time, and 
can operate in an interactive mode. While the 
CASL code uses approximate, semi-empirical 
physics treatments, it can provide sufficient 
accuracy for many practical problems and pa- 
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rameter variation surveys where only approxi- 
mation estimates are adequate. 

The basic calculational approach of the 
CASL code is to assume a simple, exponential 
attenuation relation for the shield attenua- 
tion of high-energy radiation. The form of 
this semi-empirical model used here is simi- 
lar to that used for many years fro accelera- 
tor shielding estimates, but with two main 
differences: (a) the shield attenuation para- 
meters and the neutron production data for 
proton beams needed for input are generated 
by detailed radiation transport codes (with 
options for experimental data input, if 
available), and (b) the semi-empirical atte- 
nuation model is coupled with simple 1-D and 
general 3-D geometry modules to automate the 
generation of results for either simple or 

complicated material/geometry configurations. 

Calculational Method of the CASL Code 

The form of the attenuation equation used 
is shown in the Equation, where the notation 
is as follows: 

D(P) = 
E'&(n'TC'BorAt)B(Eo,t)exp(-t/A(Eo,t)) __-_- 

&-,lf - 701~ 

(4 

(b) 

(cl 

Cd) 

(e) 

D(T) is the dose-equivalent rate at loca- 
tion P and direction 5 from a proton beam 
of energy E, and direction 5, bombarding 
a target material of mass number At at 
location PO. 

The high-energy neutron flux at material 
thickness t is @h(t)=B*exp(-t/X)/l?-ro12, 
where B is "buildup factor" and h is the 
attenuation length. 

The dose rate due only to the high-energy 
neutrons is then @h(t)/Fh, where ph is an 
average neutron flux-to-dose factor for 
neutrons >lOO MeV. 

The dose is determined predominately by 
the low-energy neutrons whereas the at- 
tenuation equation gives only the high- 
energy dose. Therefore, the dose-ratio 
factor 3, (total dose/dose due to neutrons 
>lOO MeV) is applied. (Thus, 5 depends on 
the neutron spectra of the particular 
shield material used, which we obtained 
from transport code calculations.) 

The source term 5 is the rate of high- 
neutron production, per steradian, in the 
direction C with respect to the beam di- 
rection K,. 

The general capabilities of the CASL code 
are summarized in Table III. The neutron pro- 

duction data are calculated for thin,targets. 
They can be applied approximately for thick 
targets by using empirical relations giving 
the number of collisions in a thick target 
creating high-energy neutrons; or, more accu- 
rately, by using the high-energy neutron lea- 
kage for thick targets (e.g., from the SNQ 
target wheel) calculated by HETC as input. 

The parameters $,, A, B and % are being 
calculated with ANISN. An advantage of 
using transport codes for generating shield 
parameters is that dependence upon shield 
thickness and source energy (usually neglec- 
ted in semi-empirical shielding calculations) 
can be taken into account. 

Table IIt 

Capabilities of the CASL Code 

- Modes of Operation 

"Layout*: 3-D shield requirements 
for specified dose rate triter ion 

"Assesment": dose rates at arbi- 
tray 
simp e or 3-D configurations 1 

locations for specified 

- Beams/Materials/Geometries Allowed 

! 
roton beams: 100 MeV to 1 GeV 
arget materials: 
shield materials: 

arbitrary 
those most 

commonly used 

geometries: 
Corn-Geom 3-D 

simple 1-D or 

- Source @&ions 

protons on thin targets 
protons on thick targets 

empirical treatment 

us'e target leakage neutrons 
from HETC code calculations 

/1/ 

/2/ 

/3/ 

/4/ 

/5/ 

/6/ 

7/ 
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PROGRESS REPORT ON THE SNS TARGEf STATION 

A Came 

Rutherford Appleton Laboratory 

Chilton, Oxon, UK 

1. Introduction 

This progress report continues the series given 
in previous ICANS meetings (1). It should be the last 
in the design and construction phases and inevitably 
contains much engineering detail. For the next ICANS 
meeting we look forward to reporting first operational 
experiences, the schedule for first neutrons being 
October 1984. Progress is reported under the five 
broad headings of Target, Target Assembly, Control 
System, Bulk Shield and Remote Handling. Additional 
facilities to the target station are also reported. 

2. Target 

The dimensions and parameters of the target were 
given at the ICANS-VI meeting. Since that time proto- 
type production of complete target plates, including 
two with thermocouple wells, has been successfully 
completed. Good quality bonding has been achieved in 
all cases. Accordingly a contract was placed for the 
production of 2 complete target modules, each 
consisting of 23 plates, with delivery of the first 
module in October 1983. Further modules will be 
ordered as dictated by operational experience. The 
stress calculations and design report for the target 
vessel and its components have been completed and 
certified under the ASME III code, and production is 
underway for delivery complete by December 1983. A 
back-up target with tantalum plates will also be 
built. 

3. Target Assembly 

(a) Ambient 

The reflector vessel has been reduced from twelve 
units to four in a simplifying re-design. Boron 
laminaee (‘BORAL’) decouplers will be incorporated 
within the vessels and utilising its coolant, rather 
than use a separate cooling system. The material of 
the vessels will be stainless steel. Production of 
the vessels and final machining of the beryllium rods 
are underway, for completion in December 1983. The 
cadmium decoupler for the target will now be attached 
to the reflector vessel to obtain contact cooling, 
which is important when considering target cooling 
under fault conditions (in thermal isolation the 
cadmium could melt). 

The ambient moderators are in the stage of final 
design: they will be non-pressure vessels operating at 
less than 0.7 atm, made of Aluminium-Magnesium (5%) 
alloy. They will be constructed and tested within the 
spirit of the British standards for pressure vessels. 

(b) C ryogenic 

Detailed design of the cold moderators has 
continued and stressing has been carried out using 

finite element techniques (NASTRAN). A prototype 
vessel is being manufactured which will be pressure 
tested to confirm the computer analysis. Production 
moderators will use Aluminium-Magnesium alloy, as 
above, even though this is not a classified material 
under the ASME III code. The hydrogen moderator, 
which operates with 25K supercritical para-hydrogen 
at 15 atm, will be triply-contained to satisfy safety 
requirements. Figure 1 shows a section of the 
hydrogen moderator. 

Both hydrogen and methane refrigerators have 
been ordered, delivery of the methane one is due in 
September, and the complete hydrogen machine is due 
at the beginning of 1984. A tender exercise is 
underway for the transfer lines. Test areas for the 
refrigerators and moderators have been set up within 
the SNS complex to determine satisfactory performance 
prior to final installation. 

Major components of the water services are on 
order, including heat exchanges, ion-exchange columns, 
tank and filters. Service trolleys (part of the 
movable train for operation-to-maintenance locations) 
are due for delivery in September. 

Major simplifications of the water system have 
been achieved (in particular in providing the totally 
independent circuits for the target plates and target 
pressure vessel) as a result of systems reviews in 
preparation of safety documents (q.v.). 

4. Control System and Safety 

The software for the extracted proton beam and 
target station are on schedule for 
initial completion by June 1984. Routines have 
been written for the control of the beam line magnets 
and the final control program will be started soon. 
On the target station, the microprocessor control 
system (MCS) has been extended to drive the dynamic 
interlock interface controlling the permit state of 
the SNS proton beam. It now incorporates most of the 
software fault checks and displays each interlock 
state on an appropriate 48-channel display board. 
Some MCS routines have been converted to machine 
language and the number of data channels increased 
to allow future extensions and flexibility. Data 
exchange to the minicomputer (GEC 4070) has been 
running for several months without faults. The mini- 
computer control system (MINICS) has two separate 
master programs for target station control and logging. 
Control programs include software to display the 
status of all valves and the status of critical plant 
parameters from the MCS system. Logging routines 
include all critical parameters and derived parameters, 
e.g. effective cooling gaps derived from flow rate and 
pressure drop. Averaging logging runs will indicate 
long term performances of the plant. 
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Development of controls hardware is progressing 
on schedule, however the production of hardware has 
been limited by demands for resources elsewhere on 
the SNS. The program calls for completion of hardware 
in March 1984, to allow commissioning for first 
neutrons in October 1984. The target station 
controls room has been completed. 

A major effort has been put into the safety 
assessment and hazard survey of the target station. 
Under new regulations, soon to become law in the UK, 
if a quantity of radioactivity exceeds amounts defined 
in those regulations, a hazard survey must be written. 
This has been done, plus a large supportive document 
("Safety Assessment of the SNS Target Station", 
August 1983 (Z)), which in turn has a number of 
detailed supportive papers. In one of these, it has 
been shown that with beam-off and a catastrophic 
failure of cooling to the target, the maximum 
temperature reached under decay heating is less than 
54OoC, i.e. the uranium will not melt. Notwith- 
standing this statement, a further paper gives 
calculations of the dose to RAL staff and to the 
nearest local population if volatile and gaseous 
radionuclides were able to escape after a meltdown. 

Iodines, 
131 

I and 133 I,are the most significant radio- 
logically, but the doses received are < 1% ERL* for 
RAL staff evacuating the experimental hall within 3 

hours and for the nearest local population < low3 F,RL 
over 30 days, The documents are now being examined 
towards seeking approval to operate the SNS in 1984. 

5. Bulk Shield 

The six modules of the shielding inserts have 
been installed. Shielding blocks which fit within 
the inserts are in manufacture for delivery by 
December 1983. 

The shielding wedges have all been delivered and 
installed to check alignment, and are seen in position 
in figure 2. They have now been removed pending 
delivery of the target void vessel. The target void 
vessel, a pressure vessel designed under the ASME III, 
category A code, is due for delivery at the end of 
September. The bridge to be mounted over the void 
vessel (and therefore also required to be an "ASME 
designed" structure) and which supports the shielding 
above, is due for delivery in mid September. The 20 
beam shutters are in manufacture, with delivery to be 
complete by December 1983. Several part-shutters 
have been delivered and, as can be seen in figure 3, 
a whole shutter, weighing some 22 tons, has been 
assembled for test mounting within the shielding 
wedges also for ventilation tests. The incoming 
proton beam window has been designed as a double- 
walled Inconel vessel with light water cooling, based 
on the LANL design. Access to this window for repair 
will be obtained by pulling it into the EPB shielding 
enclosure, an operation requiring shielding from the 
induced activity within the void vessel (the y dose 
rate at centre of the empty void vessel being 
1 Sv/hr). 

6. Remote Handling 

The foundations of the remote handling cell and 
shielded services area have been laid, incorporating 
the rail system for the services trolleys and a 
double drainage system to take split active liquids, 
see figure 4. 

* F&L = Emergency Reference Level I 50% ALI for 
occupationally exposed personnel 

ALI = Permissible annual limit of intake 

The services area construction itself is due for 
completion at the end of September. This large area 

8 (w) x 22 (1) m2 has walls 7m high and about Im thick 
of concrete. This thickness is required to shield 

against short lived hard y-emitters (e.g. 
16 
N) from 

the target primary coolant, the radiation dose rate 
Im from the cooling pipes being 1 Sv/hr. The 
concrete roof will be initially irn thick, perhaps 
increased later to Im according to operating 
experience. , 

Construction of the remote handling cell is about 
to commence, with completion planned for the end of 
December 1983. Most of the components have been 
delivered. The main shielding door has been designed 
and parts are in manufacture. Design, development and 
testing of the target removal equipment is about to be 
restarted (after delays due to other priorities), 
where considerable simplification is now possible 
following the calculations of thermal behaviour of the 
target under decay heating. Cooling will be main- 
tained for 24 hours after shut-down, after which no 
cooling will be provided, even in the temporary 
storage wells (prudence however-requires that 
provision for cooling be kept). 

7. Other Facilities 

Components for the irradiation test facility have 
been on order, with delivery scheduled to match the 
installation of major target station components. Some 
studies have started towards proposals for test rigs 
to be mounted within the access tube, e.g. a furnace 
for test samples up to a temperature of about 7000C. 

The installation of the EPB will allow the 
provision of an intermediate target (20 mm graphite) 
some 20m upstream of the main SNS target. The 
possible secondary beam facilities from this target 
were described in the lastprogress report (ICANS-VI). 
In particular, a pulsed uSR facility of great 
flexibility was proposed to the Science Board of the 
SERC in January 1983. However funds were not 
available at that time for the installation of this 
facility. Some simplified uSR facility may still be 
built for R & D work. 

In May 1983 an agreement was signed between the 
RAL (SERC) and KfK, Karlsruhe to build a large 
neutrino facility on the south side of the SNS 
experimental hall. Not only does the SNS target 
generate large quantities of neutrons, at the same 
time it produces large numbers of pions which emit 

neutrinos whilst decaying. In particular lr+ at rest 

produces vu (E(v,,) = 29.79 MeV) and ut which in turn 

decays into ve and T,, with an energy spectrum with 

cut-off at about 53 MeV. For a 200 lJA incoming proton 

beam, equal numbers of neutrinos (lOI v/set) of each 
kind are produced. This production rate, combined 

with the low duty cycle (% 10m5), makes the SNS a 
uniquely powerful facility. 

Over the initial five year life of the facility 
five major experiments are proposed in the first 
instange, including elastic-lepton scattering, neutral 
current excitation of the nucleus and v ++ v 

e u 
osci- 

llations from inverse B-decay in H and C, The count 
rates are so low that background counts shound not 
exceed s l/day from the SNS source and be "negligible" 
from cosmic sources. Hence massive shielding around 
the liquid scintillator detectors is necessary. The 
walls must be 2.2m thick steel and the roof some 3m 

- 
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thick: total quantity of steel about 5500 tons. The 
detector itself will weigh between 50 and 300 tons. 

Figure 5 shows (roughly) the layout on the 
experimental floor and the relation to the target 
station. This figure is of historic interest in that 
it formed the basis of the agreement, which was 
supported by the Science Planning Group of the SNS. 
Figure 6 shows the shielding bunker together with the 
neutron beam instrument layout in the hall. 

Work on building the foundation for the bunker 
is due to start in October 1983 and should finish 
May-June 1984. After this the steel shielding will 
be installed. Careful planning is required to 
minimise any conflict with the neutron instrument 
installation. A large support building built 
against the outside of the south wall of the 
experimental hall will form part of the facility. 
Completion of the RAL part is due by about the 
beginning of 1985 (depending on steel delivery), 
ready to receive the detectors for experiments to 
begin. These will be done by staff from KfK with 
collaboration from UK Universities. The neutrino 
facility will be an exciting addition to the SNS as 
a "universal" source. 
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10. Figures 

I. Section drawing of hydrogen moderator, showing 
its triple containment. 

2. View of target station showing shielding 
wedges initially positioned. 

3. Whole shutter assembly in mounting tests with 
target station shields. 

4. Profiled floor of services area, showing 
drainage system. 

5. Plan of neutrino bunker. 

6. Neutrino bunker vis-a-vis neutron instruments 
in R55. 
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FIGURE 2: View of Target Station Showing Shielding Wedges initially positioned. 
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FIGURE 3: Whole Shutter Assembly in Mounting Tests with Target Station 
Shielding. 
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FIGURE 4: profiled Floor and Services Area Showing Drainage System. 
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FIGURE 6: Neutrino Bunker Vis-a-vis Neutron Instruments in R55 
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THERMOFLUID DYNAMICS IN LIQUID TARGETS 

Y. Takeda 
Swiss Institute for Nuclear Research 

CH-5234 Villigen, Switzerland 

1. INTROOUCTION 

The design concept for the SINQ target is to 
use Lead Bismuth Eutectic (LEE) in the liquid 
phase in a vertical cylindrical container, 
with the proton beam entering from the bottom. 
Natural convection of LBE is to be utilized to 
transport the deposited energy to a heat ex- 
changer at the top. The thermofluid dynamics 
of this liquid target is one of the important 
study subjects for a practical design. A pro- 
gram including'theoretical studies and ex- 
perimental work eventually leading to a full 
scale test with LBE, is in progress. 

The thermofluid behaviour of LBE has been cal- 
culated and the effects of several parameters 
studied. The calculated flow patterns show in 
many cases a single circulation which contains 
the majority of the LEE in the target. This is 
considered to be a desirable feature for the 
operational target and will be referred to as 
"total circulation"., Several power law re- 
lationship between the.rmofluid-dynamical 
properties and physical conditions of the 
target system have been obtained, which are 
helpful for further applications. 

Experimentally, the fluid motion of natural 
convection of water has been visualised with a 
small scale apparatus and the development of 
the circulation of liquid and flow patterns 
investigated. A threshold Grasshof number to 
reach "total circulation" has been obtained. 
A large scale experimental setup is now in 
operation. 

2. CALCULATIONS OF THERMOFLUIO BEHAVIOUR 

Details of the theoretical model and the cal- 
culational method have been given in an 
earlier reportl. A series of calculations have 
been performed in order to see the effects of 
target height, beam power, beam radius and 
adiabatic side walls. For the adiabatic side 
walls two sets of calculations were carried 
out, one with constant height of target and 
changing the height of the adiabatic wall, the 
other with constant height of adiabatic wall 
and changing the target height. 

2.1 Target height 

Temperature distributions and flow'patterns 
have been calculated for targets of height 
from 75 cm to 450 cm. Fig. 1 shows these dis- 
tributions at the stationary state. For all 
cases the flow patterns show "total circu- 
lation" although their centers are displaced 
vertically. 

The time traces of the maximum temperature are 
shown in Fig. 2. The development of the tem- 

(a) (bl (cl cdl 

Fig. 1 Oistribution of temperature and stream 
function at stationary state. al is 
75 cm at 25.5 sea, b) 150 cm at 
51.0 set, cl 300 cm at 102.0 set, and 
dl 450 cm at 146.8 sec. 

perature distribution during the initial 
transient was discussed in reference 1. The 
duration of the transient as a function of 
height (Ll is plotted in Fig. 3 and shows a 
linear relationship; this is expected since 
the transient time is proportional to L/U and 
the characteristic thermal velocity U does 
not depend on the target height. The maximum 
temperature rise above the initial tempera- 
ture [taken as the melting point of LEE1 for 
the stationary states is the same for all 
four cases and about 250 C. 

Although the development of the flow to 
"total circulation" during the initial tran- 
sient is fairly smooth for a target height 
lower than 300 cm, a multi-cell structure 
can be seen (Fig. 41 for the 450 cm target. 
However, this does not persist and is sub- 
dued by the stronger "total circulation" once 
it is fully developed. The temperature 
distribution is also influenced by this 
multicell structure. and some dcstortion of 
the cqntour lines can be seen in the upper 
portion of the target. 



- 224 - 

I I I I I I I 

0 20 40 60 80 100 120 

Time Isecl 

Fig. 2 Time traces of the maximum tem- 

perature for target heights; 
a) 75, b) 150, cl 300 and 

d) 450 cm. 

Radius 15 cm 
A-Wall 0 cm 
6. Profile 5cm 
B. Current 0.1 mA 

Target Height [cm] 

Fig. 3 Transient time versus target 

height. 

(al (bl (cl (dl lel 

Fig. 4 Time change of the temperature distribution and stream function 
distribution for a target height of 450 cm. dT is 0.05 (6.25oCl 
for all and dY is 2 for al-c) and 10 for d)-gl. 

2.2 Beam power 

To see the effect of beam power, calculations 
with three,different beam currents, 0.1, 0.S 
and 1 mA (I mA z 0.6 NW) have been made. The 
distributions of temperature and stream func- 
tion are very similar for the three cases and 

"total circulation" is obtained. 

The maximum temperature rise at the stationary 
state is plotted as a function of beam current 
in Fig. 5, and shows a simple power-law re- 
lationship. The estimate of the exponent is 
0.73, which is within 10 % of the value, Z/3 
given by a simple one-dimensional analysis'. 

2.3 Beam profile 

Three calculations were performed with beam 
sizes (values of co in Eq. 11 of reference II 
of 2.5, 5.0 and 10.0 cm. The center of the 
circulation shortly after start of heating 
moves to larger radii as the beam size is in- 
creased [Fig. 61, that is, the broader beam 
generates a rising column with a larger radius 
about the center line. However, at the station 
ary state the centers are situated at the same 
radial position. Fig. 7 shows the variation of 
axial velocity at mid-center with beam radius. 

Radius 15cm 
Height 150cm 
A-Wall Ocm 
B. Profile 5 cm 

Fig. 5 

0.5 1.0 

Beam Current [mA I 

Power-law relationship for the tem- 
perature rise at the stationary 
state with input beam current. 
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It shows a fairly good power law relationship 
to the beam radius R. The eskimate of its 
exponent is -0.6. Simply considered, the con- 
vected power is a product of velocity v and 
temperature rise T and is proportional to the 
power deposition density q. Since T = $13 
(from the previous section) then v = ~113 
and as q = R-2 the velocity should be = R-213 
The estimate for the exponent is within 10 % 
of this value, and this relationship is con- 
sistent with that for Fig. 5. The temperature- 
rise at the stationary state as a function of 
beam profile is shown in Fig. 8. It is lower 
for the cases with broader beam as expected 
from the simple analysis (a R-413). 

1Scm 
1SOcm 

Ocm 
B.Current O.lmA 

I I 

2 5 10 

Beam Profile (cm) 

Fig. 6 Positions of the center of circu- 
lations at initial stages as a 
function of beam orofile. 

I- 

Radius 15 cm 
\ 

Height 150cm 
A-Wall Ocm 
ELCurrent O.lmA 

2 5 10 

Beam Profile (cm1 

Fig. 7 Axial velocity (vz) at midlcentral 
position versus beam profile. 

2.4 Adiabatic wall with fixed target height 

Using a fixed target height of 150 cm, the 
effects of adiabatic side walls have been 
studied by calculating systems with their 
height set to 50, 75 and 100 cm. The adiabatic 
walls are at the lower end of the target. The 
calculated flow patterns are very similar to 
those obtained with a conducting wall, and 
show "total circulation". The small difference 
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Radius 15 cm 
Height 150cm 
A-Wall 0 cm 
B.Current O.lm A 

lOL= ’ I I 

2 5 10 

Beam Profile (cm) 
Fig. 6 Temperature rise at the stationary 

state versus beam profile. 

in the velocity distribution is plotted as a 
function of height in Fig. 9. 
With an adiabatic side wall the velocity 
is increased by about IO % in the region 
above the level of the adiabatic wall, but it 
is only slightly increased elsewhere. 

A-Wall 
1OOcm 

0 

Wall 

Positive Average Rising Velocitytcmlsec 1 

Fig. 9 Comparison of' the average positive 
axial velocity as a function of 
height for the results with and with- 
out adiabatic wall at 51.0 sec. 
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In the boundary layer near the side wall, 
there is, as may be expected, a steep tem- 
perature gradient toward the conducting sur- 
face. 

Fig. 10 is the time trace of the maximum tem- 
perature. The behaviour during the initial 
transient is exactly the same for all three 
cases. This is due to the fact that the tem- 
perature of the central portion is not in- 
fluenced by the conducting wall until "total 
circulation" is established. Since the smaller 
cooling area for the higher adiabatic walls 
results in a higher heat transfer-per unit 
area and hence higher temperature difference, 
the maximum temperature after the transient 
naturally becomes higher. For the case of the 
100 cm wall the temperature still increases 
with time. 

d 

Of I I I I I 

0 20 40 60 80 100 

Time lsecl 
Fig. 10 Time traces of the maximum temperature 

for various heights of adiabatic side 
wall. a) is for total conducting wall, 
b) is 50 cm, c) 75 cm and dl 100 cm. 

2.5 Adiabatic side wall with fixed height 

Calculations were made for systems with a 
fixed 100 cm height of adiabatic side wall for 
five different target heights. The flow pat- 
terns show "total circulation" for all cases. 
However, the temperature distributions become 
more complicated as the target height is re- 
duced. This is due to the smaller heat trans- 
fer area, as discussed in 2.4. 

The maximum temperature rise at the stationary 
state is plotted in Fig. 11 as a function of 
the target height for cases with and without 
adiabatic side walls. For a target height 
larger than 300 cm, the difference between 
with and without adiabatic wall is only slight, 

2.6 Summary 

The results of these calculations show that 
within the parameter value variations studied 
here, natural convection of target fluid is 
stable and the temperature distributions are 
uncomplicated. Power laws for the maximum tem- 
perature rise with beam power, beam profile 
and height of adiabatic walls, are helpful for 
practical design work. 

y 50 - 1 Radius 15cm 
B.Profile 5cm 
B.Current 0.1 mA 

A-Wall IOOcm 
Ocm 
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Fig. 11 Temperature rise at the stationary 
state versus target height with 
fixed height of adiabatic side wall 
of 100 cm. The values from the 
results with total conducting wall 
are also plotted. As the value for 
the target height of 150 cm is not 
at a stationary state, it is plotted 
in a bracket. 

3. EXPERIMENTAL OBSERVATION OF NATURAL 
CONVECTION IN WATER 

As a part of the experimental verification of 
the calculations, some small scale experiments 
have been carried out to observe the fluid 

Test Cylinder 
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Antilens 
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Coolmg 
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i 
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! 

Slit 

:i 
Lamp 

2 
&- 3 

C 

C 

_ Light 
Source 

C 

C 

Is Camera 
Fig. 12 Schematics of the experimental appar- 

atus arrangement. al front view, 
b) top view. 
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The apparatus shown in Fig. 12 was used. A 
glass cylinder of 2.7 cm radius and 55 cm 
height is set in a square aquarium. The 
aquarium was used to keep the wall temperature 
of the cylinder constant and to act as an 
antilens for taking photographs. The bottom 

behaviour of natural convection in water. The which depends on the aspect ratio. As this 
main interest of this experiment is to study 
the total fluid motion in a cylinder rather 

dependency changes at aspect ratios in the 
region of 8-10, two straight lines for these 

than any local effects like boundary layer flow. threshold values are drawn in the figure. The 
dependence is larger for smaller aspect ratio 

3.1 Apparatus (line-11 and vice versa (line-Z). Also shown 
in the figure are two curves derived from the 
literature. The first is OF an empirical 
critical Gr number in a vertical rectangular 
box compiled by 0strach3, the second,, a theor- 
etical critical Gr number in an infinite 
parallel plate system, derived by Eckert4. 

plate is made of Oerlin and has a heating area 
of 9 mm diameter at the center, This plate is 
water-cooled. The temperature of the heated 
area was measured by a sheated CA thermocouple 

Gr (=~)106 t w ~ o 

at 1.5 mm below the center of the top surface. 0 
The wall temperature of the glass cylinder was 0 0 

measured at 10 cm fI’om bottom. The top surface 0 0 e 

is open and free. The “Aluminium powder method” e 0 e 
was used for visualisation of the flow. 

0 
8 

3.2 Results 

The observed flow motions have been categor- 
ised into several patterns, al partial.circu- 
lation (only near the heated areal, b] “total 
circulation”(a single roll in a water), 
c] multi-rolls [vertically several rolls ap- 
peared and disappeared) d3 swaying core or 
other three-dimensional motions. The appear- 
ance of these flow patterns depends on Gr 
number and the aspect ratio..For a fixed as- 
pect ratio, only a partial cir’culation al is 
generated at low Gr number, and with increase 
of Gr, a “total circulation” b] is generated. 
Photographs of “total circulation” for various 
water heights are shown in Fig. 13. These 

& 
d Water 

Radius27mm 

stationary.state flows could be maintained for 
several, hours, Further increase of Gr leads 
eventually to flow patterns as in c] or d] 
Fig. 14 is a map of flow patterns of type a] Aspect Ratio (V = L/R) 
and bl in a G-y plane. The definition of Gr is Fig. 14 Flow pattern map in Gr-y plane, Open 
given in the figure, and y is the aspect 
ratio defined as L/R. There is a threshold 
value of Gr for generating "total circulation" 

circles “total circulation”, triangles 
“partial circulation” (undeveloped 
flow). 

Fig. 13 “Total circulation” for various heights of water. 
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For both, the temperature difference is ap- 
plied to two opposite vertical side walls. The 
gradient of line-l is close to that of the 
"Ostrach line" and of line-2 close to that of 
the "Eckert line". This implies that for an 
aspect ratio smaller than 8 the effect of the 
top and bottom surface is large, and for 
larger aspect ratio than 10 the problem might 
be treated as a system of infinite height. The 
dashed line is a simple average of the values 
between IO and 14, and agrees well with the 
saturated value of the "Ostrach curve”. 

4. EXPERIMENTAL TEST RIG - "NACOSPANS" 

To allow the study of systems of the proposed 
size for the SING) target. a large scale test 
rig [again using water) has been built.This is 
shown in Fig. 15. The principle of this rig is 
s,imilar to that for the small scale apparatus 
used for the flow visualisation. A glass 
cylinder of 20 cm diameter and 250 cm height 
is set in a square aquarium of 45 cm side and 
300 cm height. A 40 cm long heating rod is in- 
serted from the bottom which has a distrib- 
uted heat generation ,decreasing exponentially 
with a relaxation length of 30 cm. This gives 
a first approximation to the expected beam 
heating. 

The main purpose of this test rig is to 
measure temperature distributions. A total of 
70 thermocouoles are installed: on the heater 

Fig. 15 Schematics of the large scale test 
rig [NACOSPANS). 

surface, cylinder surface, bottom plate and 
inside the water. A glass tube of 16.2 cm 
diameter and 200 cm length is also available, 
to be used for experiments including a guide 
tube. 

Fig. 16 shows photographs of a general view 
of the test rig together with a part of the 
data taking system. The test rig is now in 
operation and experiments are in progress. 

Fig. 16 Photograph of general view of the 
apparatus, NACOSPANS. 
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Summary 

A grooved cold moderator was installed at the KENS 
target station which increased the cold neutron inten- 
sity by 1.4 compared with the flat one which had been 
operative without any trouble for more than two years 
and a half. The paper discusses the results of the 
mock-up experiment as well as a simulation calculation 
performed to find optimal parameters and reports the 
final design of the moderator. By employing the same 
refrigerator (PGH-105), the moderator could be cooled 
down to 20.5 K under the operation of maximum proton 
current. The neutron energy and time spectra from the 
grooved moderator as wellas the heat deposit in the 
moderator by nuclear radiation were measured to compare 
with the results obtained for the flat one. A recent 
chemical analysis of radiation decomposition of solid 
methane in the old flat moderator suggests that the 
decomposition is about three times faster than the 
previous case reported in ICANS-IV. 

Introduction 

The KENS first cold moderator made by solid 

;~;;f;;or715t 2a dimension of 5 x 12 x 15 cm3 (flat 
had been operative without any trouble 

for more than two years and a half, and had proved a 
satisfactory performance for its high coupling effi- 
ciency and effective cooling ability. Many experiments 
with the KENS cold neutron source have also demon- 
strated that the spallation neutron source has a good 
potential for cold neutron scattering works. 

With an increase of population in this research 
field, however, the requirements for the machine time 
and for increasing the cold neutron intensity became 
much strong, which made us investigate the possibility 
of replacing the old moderator by a grooved one to 
improve the situation. 
grooved 

A promising aspect $ the 
Carpenterqderator was discussed by Bauer XI: 

in ICANS-IV (KEK) and it attracted 
attention of many neutron people, because the moderator 
was shown to improve substantially the intensity of the 
slow neutrons. Many mock-up experiments reported in 
ICANS-IV - VI have shown that the improvement by the 
grooved moderator would be a factor of 1.2, if the 
moderator is embeded in a good reflector and the 

;~;~"e~~,* 
is made for the moderator with an equal 

The gain facfaf. depends strongly on the 
condition of the reflector Recenr mock-up experi- 
ments using Hokkaido University LINAC as well as a 
simulation calculation have suggested that the grooved 
moderator with optimal parameters would increase the 
present cold neutron intensity at KENS by about 50 %. 
We therefore decided to replace the flat moderator by 
the grooved one and the replacement was completed at 
the end of March 1983. The paper discusses first the 
results of the simulation calculation and mock-up test, 
and describes the actual design and performance of the 
new moderator. Note that the replacement is the first 
step of the KENS-I' project. 

Simulation calculation 

A simulation calculation was made for a simple 
model system to find the optimal parameters. The model 
used for the calculation was of polyethylene at ambient 
temperature without reflector. The calculation was 
made by 
TWGTR&$_I~@g a tWo 

dimensional SN transport code 
Then the geometries of grooved and flat 

moderators under consideration are the infinitely long 
columns, the sections of which are shown in Fig. 1, 
both having the same volume. The nine group lqeutron 
cross sections were calculated by the SRAC code 

-x- 
Grooved Flat 

Fig. 1 Two-Dimensional Model for 
Reference Moderators 

As a demonstration shown in Fig. 2 are the spatial 
distributions along y-direction of the beam currents of 
the eighth energy group (0.04 Q, 0.01 eV) from the 
grooved and the flat moderators. Both curves are 
normalized by the unit line source. We can see the 
sharp shoots of beam currents appearing from the bottom 
of grooves. The results are in good agr 

vnt "ith those obtained in a previous test experiment . 
The mechanism of the increase of neutron beam 

currents from the groovedl*urface is discussed in 
detail in the original paper . Here we refer to the 
ratio of the first flight collision in the grooved 
moderator to that in the flat one with the same volume, 
G/F = 1.15 obtained by this simulation calculation. 
This ratio, n = G/F is important for comparing the heat 
deposit in two moderators. 

The parameter survey was performed for position of 
target, overall dimension of moderator (thickness and 
height) and geometry of grooves (depth of groove, pitch 
of groove-fin and ratio of groove width to fin's). The 
results for the important parameters are summarized 
below. 

1) The position of target in the x direction (cf. 
Fig, 1) has small influence on the neutron gain, 
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2) 

3) 

4) 

5) 

6) 

The extension of the thickness of the moderator in 
the backward direction beyond 5 cm increases the 
intensity by 10 % for 1 cm extension. 
The extension of the height beyond 14 cm does not 
effect the neutron gain as is found in Fig. 2. 
The extension of the fin length has a significant 
effect on the gain (12 % gain/cm), which is 
illustrated in Fig. 3. We can find there is still 
6 % of gain per cm beyond 3 cm extension. 
The effect of pitch, the sum of groove and fin 
widths, was surveyed by changing the pitch upon 
keeping both widths equal and total height un- 
changed. The result shown in Fig. 4 indicates 
that the more narrow pitch yields the more gain. 
The ratio of groove width to fin's was surveyed by 
changing the ratio upon keeping the pitch 3.2 cm. 
As shown in Fig. 5, it seems that the optimum 
ratio is between 1.0 and 1.25. 

Mock-up experiments 

The mock-up test experiments for surveying the 
design parameters were carried out at the Hokkaido 
University LINAC neutron source by employing the 
polyethylene moderator at ambient temperature which 
was embeded inside a graphite reflector with a similar 
shape to the upper part of the KENS reflector. The 
energy spectra of neutrons from a 15 x 15 x 5 cm3 flat 
moderator and a 15 x 15 x 10 cm3 grooved one with 5 cm 
depth grooves are compared in Fig. 6, which shows that 
the intensity gain by the grooved moderator is about 
1.4 at the peak of energy spectrum and it becomes 
higher for longer wave lengths. If referred to the 
flat moderator with the same volume, the intensity gain 
is anticipated to be 1.3 at the spectrum peak. For the 
parameter survey, the effect of depth of grooves was 
examined under the condition of the constant volume. 

0 40 00 120 160 200 240 260 3 
CHANNEL NUMBER (20)dch) 

Fig. 6 Time-of-flight Spectra from 
Grooved and Flat Moderators 

The total moderator thickness was limited to be 10 __ 

!O 

cm 
because of spatial allowance in the KENS Be retlector. 
The results are displayed in Fig. 7, which suggests 
that the maximum intensity is obtained for the maximum 
fin's length of 5 cm. The result agrees satisfactorily 
with the simulation calculation. In Fig. 8 are also 
shown the neutron intensities from the grooved 
moderators with various height of the lowest fins. The 

neutron intensity was found not so sensitive to this 
height in a range of 10 % 20 mm. 
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Fig. 7 Effect of Length of Fins 

Fig. 8 

Desigq and fabrication of KENS grooved cold moderator 

Figure 9 is the side view of the grooved moderator 
we finally fabricated with its photograph. The overall 
dimension of the new moderator, the ratio of grooved 
width to fin's (1.28), number of fins, depth of grooves 
and height of the lowest fin are determined based on 
the results of mock-up test experiment and simulation 
calculations desiribed in previous two sections. The 
methane container is made by pure AR, the wall of fins 
is only 2 mm thick, while other parts of the container 
have the thickness of either 4 or 5 mm. The container 
is cooled by the same method as the previous one with 
SOIllS improvement. The total volume of methane is 
1,544 cc which is an increase of 70 % of volume 
compared with the previous one.' The reservoir tank for 
methane gas was also replaced to a new bigger one 
(0.8 m3) corresponding to the volume change of the 
container. Several small pieces of Be reflector were 
also fabricated to fill up the vacancy between the new 
moderator cryostat and the main unchanged Be reflector. 

Performance of the new moderator 

3 km) 
&&L&ST FIN 

Effect of Height of the Lowest Fin 

The energy spectra at the exit of the neutron 
guide tube from the new grooved and old flat moderators 
were measured by the neutron scattering from a standard 
vanadium sample. Their intensities were normalized by 
measuring epithermal neutron current from an ambient 
temperature moderator located at the opposite side of 
the target. An appreciable change was found in the 
energy spectra as seen in Fig. 10. The ratio of the 
intensity of cold neutrons from the grooved moderator 
I to that from flat one I 
dgpendent. 

was found to be wave length 
The ratio is f.4 Q 1.5 in the wave length 

range 5 2. 8 A which is important for the spectrometers 
with neutron guide tubes (SAN, 'TOP and LAM-80), while 
the value is only 1.2 at the Maxwellian peak of the 
cold spectrum (X = 4 A). (Note that the energy spectra 
shown in Fig. 10 are modified by the transmittance of 
the neutron guide tube and are different from the real 
one.) The values are less than those anticipated from 
the mock-up tests, presumably due to the better 
reflector system for KENS. 
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Fig. 9 The Side View of Grooved Moderator and its Photograph 
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Fig. 10 Energy Spectra of Grooved and Flat Moderators 

The time spectra of cold neutrons were measured by 
back scattering from a mica single crystal and are 
displayed in Fig. 11. The spectra have a time- 
structure in the rising part, which becomes substantial 
for longer wave lengths. However, it is confirmed that 
the structure gives no serious problem to the profile 
analysis for the quasi-elastic spectrometer LAM-40 
which utilizes 4 A neutrons. This was turned out to be 
also the case for the high resolution quasi-elastic 
spectrometer LAM-80 even if it employs the neutrons of 
6.6 A. 

The result of cooling performance with and without 
proton beams are displayed -in Fig. 12. 

F CAT MODERATOF 

A=3.97A 

Without the 
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proton beams, the methane could be cooled down to 
16.8 K, the lowest temperature that our refrigerator 
(PGH 105)' can attain. The temperature of methane 
was found to rise up to 20 K by full proton currents 
1.5 pA). The result in Fig. 12 was obtained with the 
proton currents of 1.0 pA to get an accurate tempera- 
ture rise. The amount of heat q deposited in the 
moderator by nuclear radiation could be estimated from 
the temperature ris 
the previous paper 1P 

g curve in Fig. 12 as was done in 
. The temperature rise AT(t) is 

given by 

AT(t) = g(l - eeht) , 

with g = q/K and h = K/C, K and C being thermal 
conductance and heat capacity of the moderator 
respectively. By employing the parameters g and h 
determined from Fig. 12, q was estimated to be q = ghC 
= 4.9 watt. 

The total heat deposit thus estimated is almost 
four times larger than that in the old moderator as is 
compared in Table 1. If the total deposit is 
normalized by the proton current, the total volume of 
the moderator and the ratio of the first flight 
collision rate n = G/F = 1.15 obtained by calculation, 
the normalized heat deposit becomes 1.9 times larger 
than the flat case (Feb. 1983). It is not clear 
whether such a discrepancy is due to the real change of 
situations or is simply due to the accuracy of the 
approximate calculation for q. Note that the 
normalized heat deposit estimated for the flat 
moderator at the end of its use (Feb. 1983) is 1.3 
times higher than that measured at the beginning (Jul. 
1980). 
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Table 2 Product Yields Due to the Radiation 
Decomposition of Solid CHk Moderator 

Beam On (3.8x IO” ppp, 43 pulses/2.5sec) 

0 60 120 180 

1 (min) 

Fig. 12 Temperature Rise of Grooved Moderator 
by Nuclear Radiation 

Table 1 Heat Deposit in Cold Moderators 
by Nuclear Radiation 

Flat Flat Grooved 
Moderator Moderator Moderator 
(Jul. 1980) (Feb. 1983) (Jul. 1983) 

volume v kr2) 900 900 I 1.544 

Bottom Ares S (cm') 1 60 60 131 

Temperature rlise 
(K) 1.0 1.4 2.0 

Thermal Conductance K(J/K-set) 1.08 1.09 2.46 

Total Heat Deposit 
q(W) 1.2 1.7 4.9 

Normalized Heat I 
Deposit (- q/VW t 1.11 

(mW/cm'-UA) 
1.44 2.75 

I_ 

Radiation decomposition of solid methane 

The chemical analysis of radiation decomposition 
products in the exhausted gas was carried out for the 
methane gas used for the flat moderator. The analysis 
for the grooved moderator is in progress. The sample 
gases A and B to be assayed were taken from the 
reservoir tank, and the total number of 500 MeV protons 
on the W target were 2.74 x 10" for the sample A and 
1.35 x 10's for the sample B, respectively. The 
chemical analysis was performed by gaschromatography. 
The concentrations of individual products (listed in 
Table 2) were calculated from the peak area in the gas- 
chromatograms and sensitivity of each gas to the 
detector. The results were listed in Table 2, together 
with the total number of protons for each sample. The 
results obtained in an earlier measurement are also 
listed for reference. As far as the present results 
are concerned, a linear relation holds between the Ha 
product and the total number ,of protons on the W 
target. However, the Hz production rate is three times 
larger in the recent measurement than the previous one. 
At present we have no explanation for the discrepancy, 
but we suspect that the recent increase of production 
rate would be related with the increase of the heat 

Sample B 
_. ,83j 1 0.35 199.5 10.1 (<O.l j <O.l 1 0.26 1 

Sample c I 
(Jul. '80) 0.15 1%.100 0.03 0.06 0.03 0.11 

Irradiation condition 

deposit. Further investigation is required before we 
get a confirmative conclusion. 

It should be noted that the replacement gave us an 
opportunity for examining the inside of the old cold 
moderator container to find the deposits created during 
the 2.5 years operation. This would give us an 
important information on the decomposition process of 
solid methane by spallation neutrons. This examination 
will be carried out as soon as the radiation level of 
the cold moderator container reduces to the accessible 
one. 

Conclusion 

The KENS grooved cold moderator has also been 
operative since April 1983 with a satisfactory 
performance. The change of the time spectra has 
practically no influence on the present spectrometers. 
The increase of the cold neutron intensity from the 
guide tubes by 40 s 50 % is quite invaluable. The 
total cost for realization of this increase is about 
g16.5 x 10s including the expenses for- the mock-up 
tests and for the modification of the Be reflector. 

We should also remark that the increase of 40 % of 
the cold neutrons by the new grooved moderator is 
partly due to the increase of the moderator volume. 
Therefore, our result obtained with a real good 
reflector target system gives an experimental support 
to the expectation that the net gain by grooving is of 
order of 1.2 in case of the good reflecting system and 
the gain is significant only in a long wave region. 

The authors would like to thank KEK-BSF staffs and 
KENS group's members for installation of the moderator. 
Their thanks are also due to Osaka-Oxygen Industries 
Ltd., for fabrication of the moderator chamber. 

References 

1) Y. Ishikawa and S. Ikeda, Cold Neutron Source, 
Mock-up Experiment and Final Design, KENS 
Report-I, KEK Internal (1980) 19. 

2) S. Ikeda, Y. Ishikawa and K. Inoue, KENS Cold 
Neutron Source, Proc. ICANS-IV (KBK) (1981) 200. 

3) G. S. Bauer, Layout of the Target Station for the 
. German High Power Spallation Neutron Source 

Project, Proc. ICANS-IV (KEK) (1981) 154. 



- 235 - 

8) 

13) 

J. M. Carpenter, Summary of Results from 
the ZING-P' Pulsed Neutron Source, Proc. ICANS-IV 
(KEK) (1981) 105. 
G. S. Bauer, Summary of Discussion on Moderator 
with Grooved Surface, Proc. ICANS-IV (KEK) (1981) 
423. 
G. S. Bauer, H. M. Conrad, H. Spitzer, 
K. Friedrich and G. Milleret, Measurement of the 
Time Structure and Thermal Neutron Spectra for 
Various Target-Moderator-Reflector Configurations 
for a Spallation Neutron Source, Proc, ICANS-Y 
(Jiilich) (1982) 475. 
G. S. Bauer, 3. P. Delahaye, H. Spitzer, 
A. D. Taylor and K. Werner, Relative Intensities 
and Time Structure of Thermal Neutron Leakage from 
Various Moderator-Decoupler Systems for a 
Spallation Neutron Source, Proc. ICANS-V (J;ilich) 
(1982) 417. 
G. S. Bauer, W. E. Fischer, F. Gompf, M. Kiichle, 
W. Reichardt and H. Spitzer, Thermal Neutron 
Leakage and Time Structure Measurement for Various 
Target-Moderator-Reflector Configurations for a 
Spallation Neutron Source, Proc. ICANS-V (Jiilich) 
(1982) 445. 
K. Inoue, Y. Kiyanagi, H. Iwasa, N. Watanabe, 
S. Ikeda, J. M. Carpenter and Y. Ishikawa, Grooved 
Cold Moderator Tests, Proc. ICANS-VI (Argonne) 
(1982) 391. 
G. S. Bauer, Summary of the Discussion on the Gain 
in Thermal Neutron Flux by Using Grooved 
Hydrogeneous Moderators, Proc. ICANS-VI, (Argonne) 
(1983) 497. 
K. D. Lathrop and F. W. Brinkley, An Interfaced, 
Exportable Version of the TWOTBAN Code for Two- 
Dimensional Transport, Los Alamos Scientific 
Laboratory Report'LA-4432-MS, July (1973). 
K, Tsuchihashi, et al., SRAC, JAERI Thermal 
Reactor Standard Code System for Reactor Design 
and Analysis, JABRI-1285, January (1983). 
K. Tsuchihashi, Neutronics Study of Grooved 
Moderator and Parameter Survey, Proc. Future 
Project of BSF-II, KEK (1983), in press. 



- 236 - 

Proceedings of International Collaboration on Advanced Neutron Sources (ICANS-VII), 1983 Septenber 13-16 
Atomic Energy of Canada Limited, Report AECL-8488 

MEASlJREMENT AND FITTING OF SPECTRUM AND PULSE SHAPES OF A LIQUID IfgTRARE MODERATOR AT IPRS 

J. M. Carpenter 

Argonne National Laboratory 
Argonne, Illinois 60439 

R. A. Robinson 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

and 

A. D. Taylor 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

and 
Rutherford Appleton Laboratory 

Oxfordshire, England 

Abstract 

We have measured the absolute intensity, and the 
energy spectrum, and the pulse shapes as function of 
neutron energy for the IPNS liquid CHI "F" moderator, 
at ‘108 K. We have fitted the spectrum, corrected for 
attenuation by aluminum in the beam, using a new cut- 
off function and fitted the pulse shapes to a new 
function which is the sum of two decaying exponen- 
tials, convoluted with a gaussian, and determined 
the wavelength variation of the parameters. We 
present here the results of a preliminary analysis. 

Introduction 

Information on the spectrum, the absolute intensity 
and pulse shapes as function of energy, for pulsed 
source moderators is essential for the design of 
neutron spectrometers and for the analysis of 
measurements. Liquid methane, CHd is of special 
interest because of its high proton density, its 
excellent thermalization properties, and its good 
heat removal capacity in flowing systems. During 
the time that the cryogenic moderator-reflector 
system was operating at IPNS, we measured the 
neutronic properties of the liquid methane "F" mod- 
erator. Table I gives the parameters of the "F" mod- 
erator. Figure 1 shows the cryogenic moderator- 
reflector system. 

Fig. 1 The IPNS cryogenic moderator-reflector 
system. The liquid-methane "F" moderator 
is at the bottom, viewed from both sides. 
The text gives the physical parameters of 
the moderator. 

Table 1 

Dimensions: 10.2 x 10.2 x 5.1 cm3 
Heterogeneous poisoning: none 
Decoupler: 1 x 1020 Gd/cm2 
Void liner: 4 x IGgi l"B/cm2 
Reflector: 30 cm @ Be @ 100 K, 60 cm 4 Be ambient 
Aluminum in beam path: 1.11 cm 4 lOOK, .52 cm ambient 
Temperature: 108 K 

We used the resonance activation of a .0127-sns 
gold foili to determine the absolute epithermal 
beam current, with the result, 

I 
epi 

= H(E) leV 
= 2.91 x lOlo n/sr.-MA-s 

for 451 MeV protons on the depleted-uranium target. 
This compares quite favorably with the result calcu- 
lated by our RETC-VIM monte-carlo simulations2 

I = 2.57 x 1O'O n/sr. - PA - s 
ep= 

(scaled from 2.95 x lOlo at the conditions of the 
calculation, 500 HeV, to 451 MeV according to the 
relative neutron yield, Y(E) CL (EGev-.12).3 

A thin BFa "pancake" beam monitor detector placed 
13.69 m from the moderator surface provided the wave- 
length distribution of the neutrons. We fitted a 
function of the form 

C(A) = rl(A) [ a 
4 

1 yp-(+A*) + a2 A(h) A2cL-11T(A) 
A 

to the counting rate per unit wavelength. Here, we 
took the efficiency q(A) (Y A, ai represents the mag- 
nitude of the maxwellian term, hI is the characteris- 
tic maxwellian wavelength, ax is the magnitude of the 
slowing down term, A(A) is the "joining function" 
which we took to have the novel form devised by 
Taylor4 

A(A) = (1 + exp (ag A - ad)]-', 

CL is the leakage exponent, and T(A) a tranmission 
correction for the structural aluminum in the beam. 
We find Taylor's joining function to be superior to 
any of those suggested (for other purposes) by 
Wescott. 
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The transmission correction T(A) was taken 
to be of the form 

T(A) = exp c-n oT (A)) 

i 

u&lAco)i A ’ A co 

uI(A) = uBraggO) + uinelW ; AC0 < A < .95 II 

= 1.49 b A > .95 A 

The low energy cross section, u 
represents sub-Bragg inelastic l”sc~t;e7r7inbg whiZi 
taken from the “Barn book” for A > A = 4:67 A. 
The structured part of the cross section%as modeleds 
assuming perfect polycrystalline FCC aluminum with 
Debye-Waller factors taken for 300K and a Debye spec- 
trum with DD = 36.92 meV, _ 

uBragg(A) = (uo/Vo) $ f<2k vcT) 

where k = 2x/A, r-are the reciprocal lattice vectors 
r = 2n/d, and Z(r) are the reciprocal lattice 
weighting factors and V the unit cell volume. 
inelastic term was modeled assuming 

The 

0. rnel(A) = u. (1 - ;2W(2k)); 

(we recognize that this approximation is not cor- 
rect) . The resulting fitted parameters (al and a2 
are unnormalized as tabulated below) were 

al = 7.61 
a-2 = 2.34 
T = 11.1 meV (AT = 2.71 A) 
01 = .06 
aa = 5.95 R-L, a,, = 6.65 

Fig. 2 Pulse widths at fraction f of maximum Atf, 
and the absolute beam current per unit 
lethargy, Ei(E), for the L-C& “F” modera- 
tor . The current is for 451 HeV protons on 
the depleted-uranium target. The extrapo- 
lation of pulse widths to higher energies 
is according to the high-energy limiting 
values for an infinite medium of liquid 
methane. 

Figure 2 shows the fitted spectrum, plotted as the 
beam current per unit lethargy, Ei(E) normalized to 
the measured epithermal beam intensity at 1 eV. The 
corrected spectrum was not free of Bragg-edge struc- 
ture, even though we adjusted the aluminum thickness 
in attempts to produce a smoother spectrum. We be- 
lieve this indicates a preferred orientation in the 
grain structure of the aluminum. 

Using roughly 2.5 x 2.5 cm2 crystals of mica 
(d = 9.94 A) and Ge(ll0) (d = 2.00 A) and one 
detector of the SEPD at 28 = 152.3“, we measured 
the shape of the neutron pulses at wavelengths 
nh = 2d sin 8 for the first six orders of reflection 
from Germanium, and for the third through twenty- 
third orders of reflection from artificial mica. 
The total flight path length from moderator to 
detector was approximately 15.5 m. (The distance was 
not well-enough known to enable independent deter- 
mination of emission time delays.) Figure 3 shows 
the ,peaks measured for three typical wavelengths. 
The data have not been corrected for resolution of 
the instrument. 

MICA ” * 3 
WAVELENQTH - 4.43 1. 
ENERQY - 1.98 m*V 

D 
MICA”-,* 
WAVELENQT” - 1.m 1. 

1030- ENENBY = 31.6 t”eV - 

YICA n = 21 
WAVELENOTH = ,918 I, 
ENERQY = 87.1 “WV 

Fig. 3 Pulse shapes for three wavelengths, mea- 
sured with a mica crystal. Times are in 
microseconds. 
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We chose to fit a function which is the sum of two 
decaying exponential functions, convoluted with the 
same gaussian. Although there are excellent theo- 
retical grounds for fitting a sum of chi-square 
distribution functions to the data (at shortest 
wavelengths, the sha e 
(t-t )* B 

is expected to be of the form 
exp-a(t-to) ; Cocevas has recently fitted 

Monte Carlo simulations of the ORKLA target response 
to such a function), the purpose of our fitting is to 
provide functions useful in Rietveld profile analy- 
sis. Existing Rietveld codes use a function which is 
the sum of a rising exponential, joined continuously 
to a falling exponential, convoluted with a gaussian. 
This function is non;physical (neutrons emerge 
before the source pulse but provides a reasonably 
good fit to room-temperature polyethylene moderator 
pulse shapes. We found that such a function cannot 
adequately describe our I&Ha data. Use of the 
chosen function would require only minor modifica- 
tions of the pulse shape description in existing 
Rietveld codes, since the pulse shape function is 
of mathematically similar form to that in current 
use. 

Fig. 5 Wavelength variation of the standard devia- 
tion of u the gaussian function. The curve 
is a “best guess” at the smooth variation 
of o(h). 

The fitted function tends to undershoot the peaks at 
longest wavelengths, but is otherwise an excellent 
fit for the entire range of times and wavelengths. 

We did not presuppose the wavelength variation of 
the fitted parameters except that of the longest- 
lived exponential, which we assumed constant, as is 
theoretically defensible. Figures 4, 5, and 6 give 
the wavelength variation of the long-lived (fit) and 
short-lived (p2) exponentials, the ratio of their 
amplitudes, and the gaussian standard deviation. 
The solid lines on .Fig. 3 represent the fitted 
function. Resolution broadening appears as a con- 
tribution to (3, which is proportional to wavelength. 

al ’ ’ ’ ’ ’ ’ ’ 
1 2 3 4 5 6 7 5 

WAVELENGTH, 1 

Rig. A Wavelength variation of the exponential- 
decay factors for the pulse-shape function. 
The value of R1 was determined from the 
long-time part of the lowest-energy peaks, 
and held fixed in fitting the remaining 
parameters. The curve is a “best guess” at 
the smooth variation of l/Rs. 
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Wavelength variation of the fraction of the 
total intensity in the slow exponential. 
The curve is a “best guess” at the smooth 
variation of the fraction. 

Figure 2 shows also the pulse full-widths Atf at 
fraction f of maximum, uncorrected for resolution, 
which we estimate to be a small effect. 

We, have compared our measurements to TIMOC calcula- 
tions of Picton, et a1.7 on a 90 K CHa moderator of 
the same dimensions as ours. The calculated pulse 
widths Atf are significantly smaller than our 
measurements, but the long-time decay at low energy 
agrees quite well; the calculation giving 77 ps 
e-folding time, and the data 72 MS. 

Conclusion 

We have measured the spectrum and pulse shapes as 
function of wavelength for a 108 K Liquid CR, modera- 
tor, and developed simple mathematical functions 
which provide satisfactory fits to the data. 
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THE INFLUENCE OF TARGET AND REFLECTOR CODLANT ON THE 

THERMAL NEUTRON LEAKAGE FLUX FROM AN SNQ-TYPE MODERATOR 

G.S.Bauer, H.Conrad, K.GrUnhagen, G.Milleret* and H.Spitzer 

Projekt Spalletions-Neutronenquelle 

KFA Jiilich, D-5170 Jiilich, FRG 

*Laboratoire National SATURNE, 

Saclay, France 

Summary 

Light and heavy water as a cooling fluid have been 

compared experimentally for both the target and the 

reflector in the SNQ mock-up with respect to their 

effect on thermal neutron leakage from the SNQ-mode- 

rator. The cumulative gain (i.e. both target and re- 

flector cooled with heavy water) in thermal neutron 

leakage flux was found to be less than 12 %. This 

figure does not appear to justify the effort of 

using heavy water as a cooling medium for the SNQ 

target station. 

Introductory Remarks 

Fluids are ubiquitous in the target-moderetor- 

reflector assemblies of spallation neutron sources. 

Since we are dealing with very high radiation fields 

atomic or light molecular fluids with low absorption 

cross section are to be preferred. Light water seems 

to be a good choice in this respect, especially since 

it is easy to handle and cheap. On the other hand, 

its outstanding moderation properties might make it 

undesirable to have water in the target to avoid 

premature neutron moderation and resulting increa- 

sed absorption of the neutrons. The situation is 

particularly critical, if a thermal neutron decoupler 

is used around the moderator, whence it was conclu- 

det that the SNS-target should have D20 cooling. 

D20 is less strongly moderating and shows virtually 

no neutron absorption. Were it not for the increased 

cost of a D20 cooling system (tritium handling etc.), 

this would certainly be the best choice. In order to 

obtain a quantitative basis for this decision, we 

performed measurements with both Hz0 and D20 as 

target and reflector coolant of the SNQ target station 

mock-up at Saclay, France. Although no decoupler will 

be used around the SNQ-moderator, the interest in these 

measurements was triggered by an indirect con- 

clusion drawn from earlier measurements that poly- 

ethylene, used to simulate the reflector coolant 

seemed to have a negative effect on the thermal 

neutron leakage from the moderator. 

Experimental Details 

The experimental set-up is shown in a series of 

sectional views in figure 1. The targets were con- 

tained in a 30 ton lead shielding part of which could 

be rolled back for access. A 60x60~40 cm3 graphite 

block under the target was used to simulate a large 

moderator (D20-tank) and the moderator-reflector 

assembly under investigation was placed on top of 

the target. The targets used were the sandwich-type 

lead slab targets of our former investigations' and, 

for the first time, a realistic simulation of the 

proposed SNQ rod-type lead slab target. In contrast 

to the sandwich-type target, where the coolant was 

simulated by polyethylene sheets resulting in an 

average "dilution" to 90 % by volume for the heavy 

metal (including aluminum sheets simulating the heavy 

metal canning), the rod-type target shown in figure 2 

had the same composition as the SNQ target wheel 

(76 % heavy metal, 16 % coolant, 8 I canning alu- 

minium). The integrated moderator-reflector assembly 

shown in figure 3 contained separating walls be- 

tween the moderator volume and the reflector pert 

in order to be able to employ Hz0 as moderating 

fluid and D20 as reflector coolant independently. 

The applied proton currents were of the order of 1nA 

and 1.1 GeV kinetic energy. The proton beam cross 

section, monitored by several wire chambers in front 

of the target, was of approximately circular shape of 
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about 3 cm half height diameter. The absolute proton 

calibration and the therefrom deduced absolute neutron 

leakage fluxes have been obtained as described in a 

previous paper.* 

wire chamber 
/.ionisation ch 

emission 
chamber 
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I iI!'ilP! trolley 
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protons t 
ionisation chamber 

Figure 1. 

a.) 

b.) 

The SNQ target station mock-up 

vertical section parallel to proton beam 

vertical section perpendicular to proton 
beam 

c.) schematic horizontal section 

Figure 2. SNQ rod-type model target 

rod diameter: 23 mm, rod height: 100 mm 

separation between rod centers: 25 mm, 

aluminium canning simulated by 5 mm 

diameter rods in each triangular space 

between rods. 

neutron beam hole axes 

arooved moderator\ A 

,outflow 

_'_ 

= , 
'stacked lead 
slabs with 

coolant gaps 

Figure 3. SNQ moderator-reflector arrangement 

Results and Discussion 

All together 12 combinations of targets, target- 

coolants and reflector-coolants have been measured 

including for comparison air in the coolant gaps 

of both target and reflector. Also including again 

the sandwich-type target extensively employed in 

earlier investigations should both confirm the repro- 

ducibility of our results and serve as a direct com- 

parison of the two targets. The results of all measu- 

rements are compiled in Table 1. 
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leas. # II target reflector thermal neutron leakage 
target I II reflector 

coolant (vol.%) coolant flux 0,, [lO’+n cmm2 s-’ 
1 I 

Pb (90%) 
,I 
,I 

air (10%) 
HO ” 
$0 ” 

5 II Pb (rods) 1 air 11 - I - 3.49 I 

I, 

Pb (rods) 

0 

(%d, _ 

II 

Pb (90%) 

H20 ” 

H20 (10% 

4.42 
5.40 
5.35 
5.75 

4.24 
5.18 
5.10 

Table 1: Comparison of measured thermal neutron leakage fluxes for various target, reflector and coolant 
combinations. The flux values are scaled to 5 mA proton current. Measurement 1/ 12 differs from 
I 11 with respect to displaced coolant water (“void”) at the entrance (front gap of the rod 
assembly of Fig. 2) of the beam. 

Effect of reflector coolant 

For both targets we started with (using a polyethy- 

lone moderator of the same shape as the H20 moderator) 

measurements with a void at the reflector position 

inside the shielding. The increase in neutron leakage 

flux measured with the reflector filling the void, 

once again demonstrates the advantage of a tight 

target-moderator-reflector-shielding arrangement. 

Using light water instead of air as a coolant does 

not significantly alter the measured fluxes, as can 

be seen by comparing the results of measurement # 2 

and I 3, # 7 and # 8 as well as # 10 and # 11 of 

Table 1. From this consistent set of results an 

important gain in thermal leakage flux using D20 as 

reflector coolant could no longer be expected. As a 

matter of fact the measurement I/ 4 (D20 reflector 

coolant) exhibited only a 7.5 I flux increase as 

compared to H20 coolant (# 3). 

Effect of tarqet coolant 

The SNQ target wheel will contain about 16 % (by volume) 

of coolant in the reaction zone. Especially for the case 

of protons on lead when the range is rather long, this 

will lower the absolute neutron flux due to stronger 

heavy metal dilution. Apart from this one would expect 

that using D20 as coolant results in a flux gain by at 

least the same factor as obtained for the reflector 

cooled with D20. The reason for this expectation is the 

particular geometry of the SNQ-target-moderator confi- 

guration: Absorption of neutrons thermalized in the 

large D20-moderator (simulated in this experiment by a 

graphite block, compare fig. 1) will be much stronger 

in a H20-cooled target thus preventing them from rea- 

ching the H20-moderator on the other face of the tar- 

get, where they could contribute to the measured lea- 

kage flux. Somewhat surprisingly, the measured flux 

gain amounted to only about 4 X (meas. # 8 and iI ll), 

which might as well be within the experimental uncer- 

tainty. These results indicate that, for the particular 

geometry of the SNQ target-,moderator geometry, modera- 

tion in the target plays no significant role and also 

cross talk between both moderators is not very impor- 

tant, not even for the low absorption material lead- 

D20. The fact that the extra dilution in going from 

the sandwich type target (90 % heavy metal) to the 

rod target (76 X heavy metal) results in only 4 X flux 

reduction (measurements # 3 and 11 12) might be due 

to spallstion processes in the oxygen of the coolant. 

Conclusion 

Gain factors of 1.08 for a D20-cooled reflector and 

1.04 for a D20-cooled (rod-type) target, which might 

combine to a total gain factor of 1.12 certainly do 

not justify the complications implied by using D20 as 

target and reflector coolants for the SNQ-project. At 

the same time we were able to show that a hexagonal 

packing of targets rods, necessarily resulting in a 

stronger dilution of the target than the sandwich 

target we used for earlier experiments, does virtually 

not lower the thermal neutron leakage flux. The mea- 

surements thus have essentially confirmed the H20- 

cooled concept selected for the SNQ target station 

DIANE. 
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RADIATION-RESISTANT BEAMLINE COMPONENTS AT LAMPF* 

R.J. Macek, D.L. Grisham, J.E. Lambert, R. Werbeck 
Los Alamos National Laboratory, Los Alamos, NM 87545 

Summary 

A variety of highly radiation-resistant beamline 
components have been successfully developed at LAMPF 
primarily for use in the target cells and beam stop 
area of the intense proton beamline. Design features 
and operating experience are reviewed for magnets, 
inetrumentation,.targets, vacuum seals, vacuum windows, 
collimators, and beam stops. 

Introduction 

Beamline components for the target cells and beam 
stop area of the 1 mA, SO0 MeV main proton beam at 
LAMPF are exposed to very intense radiation fields. 
The requirements for reliable operation in this 
environment are formidable. The components must be 
highly resistant to radiation damage, be able to 
dissipate large beam-induced heat loads, be remotely 
serviceable, and be highly reliable. The development 
of components meeting these requirements has been a 
long-term challenge for the experimental areas staff. 

In practice, radiation hardening has meant the 
exclusion of plastics and other organic materials from 
use in these components. Less familiar, substitute 
materials, such as ceramics, mica, mineral-insulated 
cable, etc., while very radiation resistant, have other 
properties which are not always desirable and have lead 
to modes of failure other than from radiation damage. 
For example, ceramics are highly radiation-resistant 
electrical insulators, but they are often porous or 
hygroscopic and lose their insulating properties in the 
presence of moisture. In addition, they are brittle 
and easily fractured during some handling operations. 

The remote handling and servicing of highly 
radioactive components is a major, if not dominant, 
design consideration. As a first criterion, 
extraordinary reliability is desirable so that less 
frequent remote servicing is needed. Secondly, the 
procedures of remote handling in the confined space of 
a target cell are restrictive and time-consuming. 
Simplicity of design, of operation, and of installation 
cannot be over-emphasized. 

Magnets 

Three different types of mineral insulation have 
been used successfully at LAMPF to construct 
radiati n-hardened magnets: 1) An inorganic 
cement, P 2) Arc-sprayed alumina, 2 

castable 
and 

3, Y 
ineral-insulated cable from Pyrotenax of Canada, 

Ltd. The mineral-insulated quadrupole magnets of the 
drift-tube linac have had a very successful operating 
history for more than 10 years. They are insulated 
with a castable cement consisting of a calcium 
aluminate binder with CO-mesh aluminum oxide filler. 
It was developed at Los Alamos primarily to withstand 
the 1500’ Fahrenheit temperatures encountered during 
the H2 brazing furnace cycle used in the fabrication of 
the drift-tube bodies. This cement is hygroscopic and 
can pick up moisture from the air. However, for the 
drift-tube application, this is not a problem si ce the 
magnets operate in a soft vacuum of about 50x10 -3 Torr. 

Coils for magnets close to the meson production 
targets in the experimental area target cells are most 
commonly radiation hardened through the use of the 
mineral-insulated Pyrotenax cable. This cable consists 

*Work supported by the US Department of Energy. 

of a water-cooled inner conductor, a layer of powdered 
MgO insulation, plus an outer copper sheath to contain 
the MgO. This insulating material is hygroscopic and 
will develop low electrical resistance when exposed to 
air for a period of time. Therefore, the ends of the 
cable are terminated with ceramic seals to keep out air 
and moisture and to insulate the sheath from the inner 
conductor. Ceramic water-carrying insulators with 
brazed-on metal ends are used to connect the water 
circuits of the conductors to the water piping. 

Over 60 mineral-insulated magnets of this design 
have given generally 
since 1972.4 

satisfactory service at LAMPF 
Radiation damage has not been a major 

problem. Most failures have other causes which are 
usually related to water problems. One ceramic 
insulator failed by electrolytic corrosion in the early 
years of operation during a peri d when the water 
conductpity was not kept below 10 -8 mho/cm, but rose 
to lo- mho/cm. High-pressure water leaks in the 
magnet or in nearby water-cooled components have caused 
several failures, such as ground faults and interrupted 
thermal interlock strings. A thoroughly wet magnet 
suffers from electrolytic corrosion of thermal switches 
and interlock wiring. Corroded copper wiring becomes 
brittle and breaks easily. 

Overheating of the target cell triplets (TCT) has 
occurred in recent ‘years. Some of these magnets 
operate at IO-15% above design current and normally run 
close to a thermal trip point. A layer of CuO builds 
up in the water passages and apparently reduces the 
heat transfer from conductor to the cooling water 
sufficiently to raise the conductor temperature several 
degrees. Backflushing the magnets for several hours 
with a weak (4%) solution of phosphoric acid removes 
CuO and will restore the magnet to an operable 
condition. Backflushing is now a standard preventive 
maintenance procedure applied once or twice per year 
during down times and has essentially eliminated 
overheating problems. 

The TCT’s are shielded from scattered beam by 
water-cooled collimators. Even with this protection, 
the magnets become too radioactive for hands-on 
maintenance after any significant use at present 
intensities. Two TCT’s suffering from ground faults 
and water leaks were removed this past year, but have 
not been repaired or disassembled for diagnosis because 
of. the residual radioactivity. Radiation levels of 
several hundred R/hr are encountered which prevents 
hands-on work. 

Operating experience to date has motivated several 
detailed improvements, some of which can be seen in the 
photograph of an improved TCT shown in figure 1. The 
water and electrical connections have been moved to the 
top of the triplet assembly where they can be more 
readily serviced with a remotely operated manipulator. 
The number of water insulators has been reduced by a 
factor of two while, at the same time, reducing the 
overall impedance to water flow. Thermal switches are 
mounted on the cable sheath instead of on the 
electrical conductor as before. Thermal protection is 
not compromised since the temperature drop from 
conductor to sheath is only a few degrees Fahrenheit. 
Electrolytic corrosion of wet thermal switches and 
interlock wiring is reduced by having the switches on 
the sheath at ground potential and using 6 volt ac 
instead of 24 volt dc excitation. 

It is worth noting that the electrical impedance 
as a function of frequency for a magnet wound with the 
Pyrotenax cable is much different than that for the 
same magnet equipped with conventional epoxy-potted 
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coils .5 This behavior can be explained by realizing 
that the mineral-insulated (MI) magnet can be pictured 
as a transformer whose secondary (the outer sheath) is 
a shorted turn. Measurements of LAMPF magnets show 
that below 500 Hz, the impedance is mainly resistive 
and at 60 and 360 Hz, it is an order of magnitude lower 
than the impedance of the same magnet equipped with 
conventional coils. As a result, the ripple current, 
for the same ripple voltage, is an order of magnitude 
larger for the MI magnet. Fortunately, the ripple flux 
is about the same in both. 

Figure 1. Improved target cell triplet. 

Instrumentation 

Several radiation-resistant instruments have been 
developed for beam diagnostics and beamline protection. 
For this paper we have chosen to discuss three of the 
most 

im,grtant 
devices, i.e., fhe harp profile 

monitors, toroid cur ent monitors, 
8^ 

and the secondary 
emission guard rings. 

Harps 

These are secondary emission grids which sample 
the beam profile and are used to estimate beam centroid 
and spot size. The harps used in the experimental 
areas are not movable; they are always in the beam. 
This approach has the advantage that no 
radiation-hardened, moving mechanisms are required. 
However, it does require a thin, low Z filament that 
can survive the full intensity beam and produce 
negligible beam scattering. The filaments are 
radiation cooled and must operate below the temperature 
where thermionic emission becomes important. 

Harps presently in use consist of two orthogonal 
planes of signal wires and three planes of clearing 
field wires at a potential of 57 volts. The signal 
wires are attached to alumina ceramic substrates via 
silver-based printed circuit inks. The ceramic boards 
and clearing field planes are mounted on a central 
stainless steel frame which hangs from a vacuum- 
sealing lid that contains an electrical feedthrough for 
each signal wire. A pair of ceramic p.c. edge 
connectors are mounted on the atmospheric side of the 

lid. A photograph of the harp assembly is shown in 
figure 2. 

Both carbon and silicon’carbide filaments are used 
for the wires that span the beamline aperture. Carbon 
filaments are easily pre-stressed and soldered to the 
printed circuit lands, but suffer from low strength 
since the maximum diameter commercially available is 
0.05 mm. We are presently using O.l-mm diameter 
silicon ca bide 
about 4x10 5 

filaments with a tensile strength of 
psi for the large harps. This wire is 

mounted by crimping a copper adapter to eat 
hs 

end of the 
wire and using spring to maintain 1-2x10 dynes of 
tension. The springs were found to be necessary 
;;;;;;f;;znc;i oefloan~tteslo~ a:~$: 1% when exposed to 

Figure 2. Harp assembly (33-cm inner diameter). 

The harps are shielded from scattered beam, from 
secondary particle fluxes, and from errant beams by 
appropriately located collimators. They limit the 
thermal load to the massive outer parts of the harp and 
limit the flux of particles which can produce spurious 
signals by secondary emission from the relatively large 
area printed lands on the ceramic cards. 

The harps perform as required for beams from 1 
microamp to 1200 microamp average proton currents. 
Most difficulties are associated with thermal loads, 
gas flow forces, poor vacuum, water leaks, and 
mechanical connect ions. The ceramic insulated 
electrical feedthrough performs well when dry, but is 
prone to exhibit unacceptably low leakage resistance 
when damp. The reliability of ceramic edge connectors 
has been a continuing source of difficulty. Shrinkage 
during fabrication is difficult to control and breakage 
is a problem. They are also susceptible to the same 
moisture problems affecting the ceramic feedthroughs. 

The signal cables that connect to the harp are 
either RG-174 or mineral-insulated coaxial cable. The 
MI bundle is very difficult to bend or flex and the 
cable itself is less reliable because of the difficulty 
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of producing and maintaining a good hermetic seal at 
each end. Our experience to date indicates that the 
RG-174 is usable, with care, for a few years at 
two-thirds of the harp locations even though the 
insulation becomes brittle and develops cracks. We use 
the RG-174 cable whenever it is at all possible because 
the increased reliability and ease of installation 
outweigh the concern for long life, at least for the 
present. 

Current Monitors 

Radiation resistant toroids configured a6 beam 
current transformers are the principal current monitors 
for both beam diagnostic and beamline prot,ection 
purposes. They are key elements. of the beamline 
protection system where they function aa transmission 
monitors. For this application, the current monitor 
signals are processed electronically to give an 
accurate determination of transmission or loss between 
two monitoring locations. 

Construction of the latest version of the toroids 
is shown in figure 3. The toroid core is wound of 
mu-metal tape insulated with a thin coating of MgO. 
The core is enclosed in an anodized aluminum casing 
packed with MgO. The anodized aluminum enclosure is 
fabricated with an insulated circumferential break 
which prevents the transformer from having, in effect) 
a shorted secondary turn. The actual secondary is 
wound on the ceramic spacer ring which is slotted to 
immobilize the windings. Finally, the wound core 
assembly is placed in a steel container, filled with an 
inorganic potting material known by the commercial name 
of Saureisen, and then baked and evacuated. The steel 
container also has a circumferential break to prevent a 
shorted secondary turn. 

SECTIONAL VIEW 

/COMR 

CROSS SECTION 

Figure 3. Toroid current monitor assembly. 

Collimators are also used to shield the toroids 
from scattered beam, secondary particle fluxes, and 
errant beams. This is necessary to limit the thermal 
load on the toroid and to suppress spurious signals 
induced by charged particles striking the toroid. 

Since the toroid is constructed from purely 
inorganic materials, it is very resistant to radiation 
damage to its mechanical structure. However, it is 
susceptible to a more subtle degradation of its 
electrical performance. The initial permeability, 
hence inductanc 

8, 
drops as a function of integrated 

radiation dose. The toroids at the beam stop are the 
most affected. A plot of inductance of a beam stop 
toroid as a function of total integrated beam current 
is shown in figure 4. This toroid has suffered a drop 
in inductance by a factor of 25 in leas than 6 months 
of operation. The current monitor electronics system 
has been improved to the point where it can just handle 
a change of this magnitude without serious error. The 
neutron fluence at the toroid for this same 
time has been estimated at about 2xlO+~Yz4 
(neutrons below 20 MeV) from Monte Carlo simulation 
using the nucleon-meson castfde code, HETC, and the 
neutron transport code, MCNP. 

6ACMOI INDUCTANCE 
VI INTEGRATED CURRENT 

(1982) 

I.........~..,,...,.,.........,,,,.,,,,, '00 mo moo ,500 2oim 
rl ImA~HWRS) 

Figure 4. Toroid inductance degradation. 

Secondary Emission Guard Rings 

These are fast, radiation-hardened beam spill 
monitors that are placed in the vacuum envelope in 
front of collimators in the target cells and near the 
beam stop. They are used both for protection and 
diagnostic purposes. The detector shown in figure 5 
consists of two signal planes each divided into 
quadrants and three high voltage planes surrounded by 
an isolated ground casing. The spacers between planes 
are ceramic insulators. The vacuum feedthrough is a 
Gulton Durock Hermetic 
radiation hard (about T'di5'-'~ad,',"""',';',",',o_~~~~m~~ 
insulation. Nickel wire, sleeved with alumina beads, 
is used to make connections that are spot welded rather 
than soldered. 

Except for failures due to water damage, the 
operating experience with the guard ring system has 
been quite satisfactory. The devices are radiation 
hard, have a fast response time, low false alarm rate, 
good sensitivity (<lOO nA) for protection, and even 
better for diagnostic uses. They are very specific in 
the sense that they directly measure beam spill in a 
geometrically well-defined region. Water leaks in the 
target cell short out the connectors and 
fiberglass-insulated cables. Electrolytic corrosion of 
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wet conductors under the influence of the clearing 
field potential leads to permanent damage. 

Alumina Standoff 

Figure 5. Guard ring detector assembly. 

Two types of pion production targets are used in 
the main proton beamline at LAMPF. The first two 
target cells use rotating wheels of normal graphite 
(ATJ) with a density of 1.73 gm/cm3. They are 3 cm and 
6 cm in length, respectively. As shown in figure 6, 
the machined wheel is mounted on a spindle and rotated 
by a roller chain which is driven from outside the 
shielding. The wheels rotate at approximately 1 
revolution per second to prevent two consecutive beam 
pulses from hitting the same spot and to rotate the hot 
spot to a cooler area. Since all cooling is radiative, 
the wheel operates at a high temperature. Calculations 
indicate that the maximum temperature at 1 mA is 
approximately 1900°K, but varies only lo-20°K per 
revolution. 

i\. r HUB 

Figure 6. Radiation-cooled rotating graphite target. 

The primary problems with with wheels have been 
with bearing wear or seizure with a lessr problem of 
chain stretch and wear during continued rotation under 
the severe conditions of high radiation fields, high 
temperature, and being in a vacuum. The radiation 
level has not been measured, but the use of malt wires 
in the spindle indicates that the bearing temperatures 
exceed 900K at approximately 700 uA beam current. The 
bearings have progressed from standard commercial 

stainless steel ball bearings to special high 
temperature stainless ball bearings, then special high 
temperature graphite sleeve bearings, finally to the 
present powder metallurgy molybdenum sleeve bearings 
impregnated with molybdenum disulfide. Table I gives 
the estimated running times for the various bearings at 
a beam current of 1 mA. 

Bearing 
standard SS 
special SS 
graphite 
molybdenum 

Table I -- 

Estimated running time months 
.OOOl 
.Ol 

2-3 
9-12 

The remaining target is a water-cooled 
pyrographite target at a density of 2.2 gm/cm3. As 
shown in figure 7, it consists of pyrographite plates 
brazed to five copper cooling tubes which, in turn, 
combine in common inlet and outlet manifolds. The 
critical technique of the brazing of the pyrographite 
to the cooling tubes is the key to the ‘success of this 
target, and has now become routine. 

Figure 7. Water-cooled pryographite target. 

The difficulties with this target have been caused 
by the swelling of the pyrographite due to radiation 
damage and accentuated by having a stationary target. 
The condition can bs helped by occasionally moving the 
beam spot, but is only partially successful since the 
swelling extends beyond the actual beam spot. The 
estimated life of this design at a beam current of 1 mA 
is about 6 months. 

Vacuum Seals 

Figure 8 is an isometric sketch of a typical 
radiation-hardened vacuum joint used in the LAMPF main 
beamline. The seal consists of a stiff annulor body 
with integral sealing lips. The seal is machined from 
heat-treated AISI-4340 steel, and plated with a soft 
metal, such as lead, silver or gold, depending upon the 
operating temperature of the particular joint. 
Compression of the sealing lips is controlled by the 
thickness of the seal body. When compressed, the seal 
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lips are not stressed beyond the elastic limit, thereby 
retaining relatively constant sealing forces during 
thermal cycling of the joint. Elastic metal seals of 
this type require relatively low sealing forces (-100 
newton/cm), while other metal seals which require 
crushing beyond the elastic limit require sealing 
forces up to 5000 newton/cm. 

Figure 8. Radiation-hardened vacuum joint. 

Crush-type metal seals are also not satisfactory 
for joints subject to thermal cycling as they do not 
have sufficient elasticity to accommodate even small 
dimensional changes in the joint. Other disadvantages 
include the requirement for larger, more complicated 
clamping devices which are not suited for remote 
handling. 

Operating experience at LAMPF has shown that 
simple two-piece clamps as illustrated in figure 9 
provide adequate sealing forces for flanges up to 60-cm 
diameter. The simplicity of this design is well suited 
to remote handling. The studs and nuts used in this 
design are made from heat-treated high alloy steel to 
minimize possible thread damage during remote assembly 
operations. The clamping angle of 20° (40’ included) 
represents the best compromise between mechanical 
advantages and ease of removal. Prior to assembly of a 
joint, all threads and clamping surfaces are lubricated 
with dry molybdenum disulfide. Organic lubricants 
should be avoided, as the residue from decomposition 
may create problems in later disassembly of the joint. 
The use of any organic materials in joints subject to 
high radiation would not be worthwhile due to short 
useful service life. 

Beamline Window’4 

At the end of Line A, a window is required since 
isotope production stringers as well as the beam stop 
are not under vacuum. During the first few months of 
operation, an air-cooled foil window was used. 
Although the allowable power level could have been 
increased by using helium as a coolant, it was decided 
to convert to a water-cooled window in late 1976. 
After the water flow for the first window failed due to 
a manufacturing defect, the design shown in figure 10 
was placed in operation and has been in continuous 
service since. Another new window of this design was 
just recently installed. It consists of two stepped 

flat plates that are cooled by water flowing 
transversely at high velocity between the plates. The 
inherent disadvantage of this design is the high stress 
due to internal water pressure. The hardened Inconel 
window has allowable strengths sufficient for this 
application, but manufacturing tolerances, surface 
finishes, and elimination of stress risers become very 
critical. Table II gives the maximum stresses for two 
conditions and the yield stress of Inconel 718 for 
comparison. 

Condition 
water oressure onlv 

Table II 
Stress/strength-MPa _ 

895 
water + 1.05 mA _ 1020 
yield strength 1100 

...*-. Watrr 
Outlst 

, 

khollna Passage 

Figure 9. Water-cooled beamline window. I 

To reduce the high stresses, a new design was 
developed and is now in the fabrication stage. It 
consists of a pair of spherical windows with water 
flowing between them. The main advantage is that the 
total stress is reduced to -240 MPa for the same beam 
conditions. Further cold testing will take place soon 
and it is expected that the spherical window will be 
installed in the spring of 1984. 

Beam Stop14 

The original (and the present) beam stop design 
for the high intensity primary beam at LAMPF is shown 
in figure 10. It consists of a stainless steel shell 
with an Inconel 718 stepped flat plate window wfth 29 
OHFC copper plates of varying thickness as the stopping 
material. The plates, as well as the window, are 
cooled by high velocity water flowing transversely 
between the plates. The copper plate thickness was 
determined by its heat deposition so as to limit the 
maximum temperature in the copper. The copper plates 
are plated electroless nickel followed by a flash of 
gold to reduce the corrosion of the copper accelerated 
by the decomposition of the water as it passes through 
the beam. 

The first beam stop operated from early 1976 to 
late 1980 at which time it was replaced by the resent 
one. The first beam stop received -4.7x10 % u A-h 
without obvious damage or functional degredation. A 
detailed post mortem examination of the copper plates 
will be completed in the next few months. At that 
point we will better understand the actual damage, 
possibly can infer the cause, and, hopefully, can 
determine future improvements. The present stop is 
scheduled to be replaced next year at which point it 
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will have received more protons than the origina 
This will give us another chance to assess our design 

1. 
. 

cooling water system (2.07 MPa) and the beamline 
vacuum. The joint is made with a tungsten inert gas 
welding torch using RTSN brazing material as a filler. 
Although the technique is critical, trained welders can 
learn it in a few hours. 

OFHC Capper Plate 

7 \Inconrl 718 Window 

k_ Water Coollng Passage 

Figure 10. Water-cooled beam stop. 

Collimators14 

Because of the high beam current and subsequently 
high heat depositions in the components around the pion 
production target, water-cooled collimators have been 
placed between the target and such components. An 
illustration of this arrangement is shown in Reference 
10. 

OFHC Copprr 

Figure 11. Water-cooled collimator. 

Some of the original collimators’ ware made of 
tungsten brazed inside a stainless steel tube that had 
cooling water tubing brazed to the outside. These are 
primarily placed to reduce backscattering from the 
target to upstream diagnostic instrumentation and are 
not sultable for areas of high heat deposition. 

The collimators for high heat deposition areas 
consist of an OHFC copper cylinder directly water 
cooled on the outside and welded to the inside of a 
stainless steel tube as shown in figure 12. The secret 
to the success of this design is the copper to 
stainless steel joint which is the barrier between the 

A number of collimators of this design have been 
in service since early 1976 with no leaks across the 
joints. The new collimators recently installed in the 
new A-2 target cell are of the identical design and 
just differ in size and flow passage arrangement. The 
collimators for the upcoming A-l target cell rebuild 
will, again, be of the same design. 
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REMOTE HANDLING AT LAMPF* 

D. L. Grisham and J. E. Lambert 
Los Alamos National Laboratory 

P. 0. Box 1663, MS H840 
Los Alamos, NM 87545 

Introduction 

Experimental area “A” at the Clinton P. Anderson 
Meson Physics Facility (LAMPF) encompasses a large 
area. Presently there are four experimental target 
cells along the main proton beam line that have become 
highly radioactive, thus dictating that al’1 maintenance 
be performed remotely. Figure 1 is a. layout of 
experimental area “A.” 
devel~~~dl,,Jlonitor remote yling system was 

to perform in situ maintenance at any 
location within area “A.“- Due to the complexity of 
experimental systems and confined space, conventional 
remote handling methods based upon “hot cell” and/or 
“hot bay” concepts are not workable. Contrary to 
conventional remote handling which require special 
tooling for each specifically planned operation, the 

Monitor concept is aimed at providing a totally 
flexible system capable of remotely performing general 
mechanical and electrical maintenance operations using 
standard tools. 

The Monitor System 

A Monitor system consists of a pair of slave 
manipulators mounted on the boom of a portable 
hydraulic crane positioned at the work location. 
Figure 2 is a view of the slave unit. 

Operations are conducted from a master control 
station, installed in a trailer, positioned at a safe 
distance from the radioactive work area. Viewing is 
accomplished only by closed circuit television. Figure 
3 is a view inside the master control station. 

BEAM AREA 

LAMPF EXPERIMENTAL AREAS 

Fig.l. AreaA . 

Work supported by the US Department of Energy. 
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Fig. 2. Monitor Slave Unit 

The Monitor operating crew consists of: 

The manipulator operator (seated as shown) 
performs the actual work using master/slave 
manipulator and various tools as required for the 
job. 

The crane operator (not shown) operates remote 
controls for the hydraulic crane from the console 

in the right rear, to maintain proper working 

position for the slave manipulators. 

The camera operator (not shown) operates the pan, 
tilt and zoom functions for the television cameras 
from the center rear console to provide optimum 
viewing for the manipulator operator. As many as 
six cameras may be in use at one time. 

Fig. 3. Monitor Control Room 

The prototype Monitor system was first used in 
1976 to replace an air cooled beam window in the beam 
stop area with a newer water cooled version to allow 
higher beam current. The prototype Monitor used a 
hydraulic servomanipulator (without force reflection) 
and an electric manipulator (PAR model 3000.) The 

operating end of the slave unit is shown in Fig. 4. 
The master control station consisted of a pair of panel 
racks and "stick" master located in the experimental 

hall. This system is shown in Fig. 5. 
Since 1976, many ongoing major improvements were 

made to-keep pace with increasing radiation levels and 
continually increasing complexity of tasks to be 

performed. The most significant single improvement was 
the addition bilateral 

'Fmfg. to 
force reflecting 

servomanipulators LAMPF specifications by 
Teleoperator Systems, Inc., Batavia, NY.) Other 
important improvements were climate controlled trailers 
for master stations, better control systems, and 

improved control and viewing console layout. 
At the present time, two systems (Monitor I and 

Monitor II) are fully operational. A third system 
(Monitor III) is now under construction. 

Monitor I and Monitor II were designed to operate 
primarily within experimental area "A" as they depended 
upon overhead radio-controlled cranes for mobility and 
require electrical power from the facility. 

Fig. 4. 1976 Monitor Slave Unit Fig. 5. 1976 Monitor Controls 
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Monitor III will be a totally portable system, with 
its' own power generator, capable of operating at any 
location accessible by truck. 

Monitors I and II have served well in maintaining 
existing experimental equipment within area "A"; 
however, Monitor III will be needed to accomplish 
planned major rebuilding of target cells Al and A6, 
particularly from the standpoint of removal and 
disposal of radioactive structural components. Figure 
6 is a sketch of the Monitor III system. In addition 
to maintenance and construction, Monitor III will be 
used in transport and disposal of radioactive materials 
removed from the facility. 

Major Accomplishments 

Since 1976, the Monitor system has developed and 
expanded to keep pace with maintenance requirements and 
improvements to experimental area "A." The original 
Monitor system was limited to performing relatively 
simple tasks, while the present systems have evolved to 
the point where it is possible to remotely perform 
tasks ureviouslv Possible onlv bv direct "hands on" 
methods. Some of the more complex-tasks now performed 
by Monitor or a routine basis include "in place" 
fabrication of piping systems, soldering, brazing and 
grinding. 

Fig. 7. Target Cell A-2, 1976 

The most significant accomplishment to date for 
Monitor was the total rebuilding of LAMPF target cell 
A2. This involved the replacement of the target 
chamber, upstream collimator, three large magnets, 
profile monitor, and a myriad of piping and electrical 
systems. Weights of the components replaced ranged 
from a few kilograms to 25 metric tons. Since most of 
the components replaced were newly designed, the 
existing piping and electrical systems had to be 
totally replaced to suit the geometry of the new 
components. The new target chamber had to perfectly 
match four existing vacuum flanges from the main beam 
line, two secondary beam lines and target insertion 
port. This was accomplished by positioning an 
alignment fixture with adjustable flanges in the target 
cell and mating the flanges to the existing ports. 

Fig. 8. Target Cell A-2 with all Components Removed 

After the adjustable flanges were mated, they were 
remotely tack welded to preserve alignment during 
removal from the cell. The fixture was then removed. 
decontaminated, and placed on a large metal table. An 
external jig was then adjusted to match the flanges on 
the alignment fixture, then the jig was used for 
construction of the new target chamber. Figure 7 is a 
partial view of target cell A as built in 1976. Figure 
8 is a view of the same cell with all the components 
removed. Figure 9 is the new target chamber just 
before installation. Figure 10 is a view of the 
partially reconstructed target cell. 

MOBILE CRANE 'CONTROL TRAILER 

Conclusions 

The Monitor system has been totally successful in 
maintaining LAMPF experimental area "A." In addition 
to performing planned improvements to the facility 
during scheduled down times, it has performed emergency 
repairs with minimal loss of operating time. The 
useful work output of the Monitor systems has risen by 
a factor of four since 1976, with a less than 20% 
increase in operating personnel. 

TRANSPORT SYSTEM 

Fig. 6. Monitor III 
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In its present state of development the system is 
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Fig. 9. New A-2 Target Box 

Fig. 10. Target Cell A-2, 90% Complete 1983 
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Operational, Handling and Safety Aspects of the SNQ Target Station 

Summary 

Although SNQ accelerator and parts of the 

target station will be constructed in two 

stages,the main operation, handling and 

safety procedures based on the requirements 

to operate the uranium target in stage II 

(1100 MeV, 5 mA) should be applied to the 

target station very similary and nearly 

uniformly in the two stages. A general view 

on operation, handling and safety aspects 

is presented and illustrated by a few 

selected examples as 

- start up and shut down procedures, 

- handling of the target wheel in the case 

of replacement, 

- decay heat removal 

each under normal and irregular conditions, 

In the case of failures in the decay heat 

removal system proof is given for the 

uranium target of stage II that more than 

about 7 hours - under pessimistic assump- 

tions - are left to restart the forced 

cooling,before the cladding (Al) melting 

temperature is reached. From the more de- 

tailed safety analysis currently under 

investigation it is expected that an emer- 

gency cooling system for decay heat removal 

even in the afore mentioned case is most 

probably not needed. 

1. Introduction 

In /l/ it was explained how the target 

station for the two stages (stage I 350 MeV, 

stage II 1100 MeV, both 5 mA) will be con- 

structed. It was pointed out, that depen- 

ding on the tested target materials lead, 

tungsten and uranium in the first stage the 

target wheel design can be simplified by 

H. Buttgereit*, H. Stechemesser**, G. Thamm*, J. Walters*** 
* Kernforschungsanlage Jiilich, D-5170 Jiilich, FRG 
* SNQ-Projekt 

** KFA-Jtilich, Zentralabteilung Allgemeine Technologie 

*** KFA-Jiilich, Institut fiir Nukleare Sicherheitsforschung 

omitting tie rods, because of lesser depth 

of the target material. Additionally for 

optimum coupling of the lower H20- 

moderator at stage I a somewhat redu,ced 

target wheel diameter (a few centimetres) 

is required. Furthermore a two stage con- 

cept for cooling (including shut-down 

cooling) secures heat removal from the 

target during operation and shut-down. The 

cooling system of stage I can also be used 

for cooling a lead or tungsten target in 

stage II. Regardless of the mentioned 

deviations in design the main operation and 

handling procedures as well as the 

necessary safety installations for the SNQ 

target station are uniform during both 

stages and are designed with respect to the 

operation of the uranium target of stage 

II. For the operation of the SNQ-target 

station with non-uranium targets during 

stage I significantly lower requirements 

compared with the final uranium 

installation are to be expected. Therefore 

this gives a convenient opportunity to test 

all installations for operation, handling 

and safety and to carry out modifications 

where needed. 

2. Operation 

2.1 Operation-cycles 

The design of the accelerator and target 

station of SNQ provides for the possibility 

to run the target station similar to a 

research reactor. It is anticipated to ope- 

rate the plant for 9 cycles a year, each 

of 5 weeks duration. There will be up to 30 

days of operation per cycle, with 5 days 

shut-down time. It is aimed at reaching a 
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total operation time of 6000 hours per year. system.1’) At first the part of the 

Additionally there will be one longer shut- 

down time of the duration of one operation 

cycle for maintenance, repair and rear- 

rangement work (on experiments too) but 

mainly for repetition of plant component 

testing due to licencing requests, which 

have to be carried out during plant shut- 

down and which usually take a longer time 

for preparation. For these reasons there 

will be a planned operation schedule for 

about 350 days each year. The remaining 

time, if needed, will be used in a rather 

flexible way for special activities, which 

will either be carried out when the plant 

is in operation (perhaps at part-load) or 

during shut-down. 

2.2 Start-up, shut-down and normal ope- 

ration of the target station ’ 

The following essential conditions for ope- 

ration of the target station - shooting 

with protons at the target - have to be 

provided for 

1. 

2. 

3. 

4. 

5. 

Target wheel in rotation at nominal 

speed. 

Target cooling (nominal flow) in ope- 

ration. 

Moderator cooling (Hz0 and D20) on 

Shield cooling (target block and 

trolley) on. 

Shut down cooling and possibly cavern 

flooding system prepared for start. 

Interlocks prohibit, if one of the condi- 

tions is missing, the aiming of the proton 

beam at the target. For this reason the 

relevant data of each of the conditions are 

controlled partially in a multiple way 

(redundant and diverse). For instance, for 

the first one (target wheel in rotation) 

the following data are measured: 

- rotation speed by two inductive systems 

- pressure and flow in both the drive and 

bearing circuit with additional control 

of the pumps power consumption. 

The target station is started-up by 

wise starting the KLA-H20-moderator 

step- 

circuit for the axial and radial bearings 

of the target wheel is started. Only when 

the nominal values of pressure (60 bars 

radial, 30 bars axial) and flow (4,5 ms/h) 

are reached in this circuit, the control of 

the turbine circuit is unlocked for start- 

up. This circuit sets the target wheel in 

motion. The circuit is operated at a 

pressure of 37 bars and a mass flow of 

maximum 126 m3/h until close to the nominal 

rotation speed of the wheel (0,s rota- 

tions per second + 5%). By automatic 

control the mass flow in the turbine loop 

will be controlled for reaching and there- 

after keeping constant nominal rotation 

speed. Only then the target cooling loop 

will be switched on and the cooling flow 

through the target will be set at 250 ml/h 

during stage I respestively at 500 m3/h 

during stage II including the part mass 

flow of the turbine and bearing circuits. 

After the start-up of the circuits for the 

H20-and D20-moderator as Well as for 

the shielding the central interlock will be 

unlocked when reaching nominal mass flow.in 

these circuits, so that the proton beam can 
then be aimed at the target. 

During operation all relevant data of the 

cooling and supply circuits as well as 

target rotation are automatically moni- 

tored. If the speed of the target wheel or 

mass flow of the target cooling decreases 

below the fixed limits (about -2O%), the 

proton beam will be stopped by automatic 

control within a second. In this case 

injection and high frequency of the 

accelerator are switched off. Accordingly, 

a decrease of the values in the moderator 

circuits (about -30%) sets off automatic 

warning in the control room, where switch- 
-i.. 

off of the proton beam can be carried out 

manually. 

Additionally the SNQ-plant is equipped with 

a fast shut-down system, that automatically 

switches off the proton beam in less than 

10 ms taking into account the total 

‘*) KLA: Kuhlung-cooling, kagerung- 

bearing Antrieb-drive (table 5 /l/) 



response time 

the condition 

losses of the 

fast switch. 

As an example 
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. For the target station only 

"unpermissible high beam 

bending magnet" triggers the 

(see Fig. 2 /l/) 

in chapter 4 for the cases 

- loss of target cooling and 

- decrease of target speed 

proof is given, that a switch-off of the 

proton beam in the order of a second is 

sufficient to limit temperature increases 

in the materials (target pin) and other 

structural materials of the wheel to a 

level, that destruction (melting) can be 

excluded. If automatic switch-off occurs 

due to a decrease of the speed of'the 

wheel, the main pumps of the target cooling 

circuit remain in operation for about 15 

minutes before the shut-down pump takes 

over the water circulation for decay heat 

removal. However, if loss of target cooling 

has caused the switch-off, then automati- 

cally the shut-down circuit takes over the 

after-heat removal at once. 

3. Handlinq Concept of SNQ Tarqet Station 

3.1 Remotely handled Components 

The material tests at present in progress 

already indicate, that for the components 

under the highest load in the radiation 

field of the target station (for instance, 

beam hole windows, D20 Moderator tank 

bottom...) rather long life times (several 

years) are permissable /2/. This will in 

future be confirmed in part through 

extensive irradiation tests in high-capa- 

city accellerators. The design basis at 

present still is exchangeability of 

important components - listed up below - 

of the target station. Additionally the 

stepwise realisation of the SNQ requires 

the use of different target wheels (at 

least lead and/or tungsten and uranium in 

the first and second stage). For this in 

the conceptual design exchangeability has 

to be considered in any case. 

The components to be exchanged and there- 

fore remotely to be handled can be classi- 

fied into three categories: 

1. 

2. 

3. 

target wheel 

KLA-unit 

H20-moderator 

cooled shielding (removable) 

bending magnet 

neutron beam stop 

connections of the target trolley 

end plate 

pipes/valves of proton beam line 

D20-moderator 

cold source 

beam hole rotating shutter (or parts 

of it) 

beam hole windows 

(For position and size of these compo- 

nents see fig. 1 and 2 /l/) 

The components of categoric 1, especially 

the target wheel, are of greatest impor- 

tance for the design of the handling con- 

cept of the target station. Therefore, as 

described in /l/ and the following chapter, 

they are placed on the target trolley, 

which can be moved into the operating 

position in a cavern in the centre of the 

shielding block of the target station. The 

IWR1*) service cell, immediately con- 

nected to the target block therefore serves 

the purpose of remote handling of the 

target trolley with the components posi- 

tioned on it. 

The components of categoric 2, aside from 

faults of their own, only have to be 

handled, if the target trolley is to be 

brought into the IWR cell. That means, that 

the frequency of handling those compo- 

nents is not determined from their design 

but from the components of the target 

trolley. 

For the components of category 3 like for 

parts of modern high-flux reactors 

exchangeability must be provided for in the 

design. These components are either disas- 

sembled or complete size to be replacable 

by means of shielding containers. If such 

replacement is necessary, it is advan- 

l)IWR cnspektion-inspection, &rtung- 

maintenance, R_eparatur-repair) 
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tageous, that the components can be trans- 

ported into the IWR-cell in a short 

distance and be inspected, overhauled and 

even to a certain extent be repaired. In 

this case the for other reasons necessary 

IWR cell is rather usefull. However, in 

principle transportation of these compo- 

nents in the above mentioned shielding 

containers to other Hot Laboratories out- 

side SNQ is conceivable. The design of the 

IWR-cell takes into consideration size and 

weight of all components to be handled in 

it. From the level of radioactivity and 

surface doserate the uranium target wheel 

of stage II is the deciding component. 

It is antipated to handle the uranium 

target wheel of stage II first 5 days after 

shut-down of the SNQ-target station. At 

this time the decay heat is about 18 KW, 

the activity about 3 M curies. 

Activity inventory and after heat of the 

other materials (lead/tungsten) are signi- 

ficantly lower, so that handling can 

already be started one day after shut-down 

of the target station. The uranium target 

of stage I can also be handled at this 

earlier date. In this case the expected 

activity inventory is lesser than 3 M 

curies and after-heat below 7 kW. The afore 

mentioned waiting times will be maintained 

under all circumstances during the later 

operation of the SNQ plant. From this 

follows, that only the targets of stage I 

and the non-uranium targets of stage II can 

be handled within the normal shut-down 

period of each cycle. For the exchange of a 

uranium target stage II including the 

waiting time (5 days) a minimum of 7 to 8 

days will be needed, a lenght of time that 

requires special planning (depending on 

requirements) respectively will have to be 

planned within the annual long-term plant 

shut-down. 

3.2 IWR Cave Line 

Formerly the Hot Cells necessary for remote 

handling of target block components were 

referred to as IWR cell (see /l/ and 3.1). 

However, because of its actual design as a 

subdivided line of caves it is now called 

IWR-cave line. 

For the purpose of handling the above 

mentioned highly activated components the 

IWR-cave line connected to the target block 

by the davern ante-room was designed. (see 

Fig. 2 /l/l. In thisxcave line all neces- 

sary handling can be carried out with 

the appropriate equipment installed in 

there. Because of handling reasons and 

operation sequences the design is a rather 

narrow cave line of 5 m width with a total 

lenght of 30 m excluding the ante-room. It 

is subdivided by shielding doors into three 

caves ’ 
- assembling/disassembling cave 

adjacent to the cavern ante-room 

- workshop cave 

- entrance cave 

The cave line is separated from the ante- 

room by another shielding door and from the 

hall in which it is located by an airtight 

shielding door. The cave line over its 

total lenght has shielding windows and 

extended reach masterslave manipulators on 

either side. Inside a power manipulator and 

crane are moved on rails with the crane 

moving in the higher position close to the 

cave-ceiling. (see Fig. 1) Alternatively 

the working arm of the power manipulator 

can be replaced by a telemanipulator. 

In order to be able to move the afore men- 

tioned (3.1) components about into the 

wanted positions a railtrack is installed 

over the total lenght of the cave line 

floor and extended through the cavern ante- 

room to the entrance of the cavern in the 

target block. Shielding gate locks and 

shielding plugs on the cave line roof 

provide for travel of radioactive or heavy 

components into and out of the cave line. 

Additionally the entrance cave can be used 

for the same purpose - especially for new 

components or materials and waste removal 

in shielded containers. 

For shipment of small-size tools or spares 

in and out of the caves glove boxes with 

shielding gates or one-way sluices are 

provided for. Under floor, with entrance 

from the workshop cave, a dry storagg 



bunker for active 

and a wet storage 
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materials and components the cavern ante-room comprising crane, 

bunker for a uranium telemanipulator, robot plus auxilliary 

FIG, 1: EQUIPMENT FOR HANDLING IN IWR-CAVE-LINE 
(VERTICAL VIEW) 

’ / 
- 

target are availlable. 

Several wall penetrations in various 

positions around the shielding windows 

supply electricity, gases, water and air to 

the caves or can be equipped with viewing 

devices. 

Special handling equipment is only trans- 

ported into the caves when needed. 

All walls of the caves have a painted 

stainless steel liner in order to facili- 

tate decontamination of the caves. 

In the cave floor drains are placed. 

3.3 Handling of the Target Wheel 

The target wheel with its drive is fixed on 

a trolley. When inspection, repair or 

exchange is required or necessary the 

trolley will be moved into the assembly 

cave where the actual handling takes place. 

Before it is possible to actually remove the 

target wheel with the trolley from its 

working position in the target block cavern 

it is necessary to carry out a number of 

operations prior to this in the following 

sequence: 

Handling under normal conditions 

Special equipment for remote handling in 

,//,, .‘r 
/’ ,/ ! 
4 

tools, (Fig. 2) viewing equipment and 

trolley drive are inserted into the IWR 

caves and moved into their working 

positions in the ante-room. In combined or 

successive operations of the handling 

equipment in a suitable order of steps all 

connections and fixings are removed and 

beam stop, bending magnet as well as all 

other, disassembled parts are brought to a 

parking position in the front end (workshop 

FIG, 2: VERTICAL VIEW OF CAVERN ANTE ROOM 
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Fig. 3.1 Introduction of Handling Equipment 

Fig. 32 Preparations for Extraction of Benting Magnet 
/ii;__. -. .,-_. _._ .._. .__,. ..,__ . _. .-. -._a .__...._ _ -1 

and Target Troiley 

Fig. 3.3 Bending Magnbt on its Way to Parking Position (Wb’ 

Fig. 3.4 Target Trolley on its Way to Handling Position (AC) 

. , . ‘..q_,__‘.-.y . . . . ,_~. __-.. 

Fig. 3.5 Lifting of the /old) Target Wheel 

AC ASSEMBLING CAVE SD 
BM BENDING MAGNET SW 
CAR CAVERN ANTE ROOM TEP 
EC ENTRANCE CAVE TM 
MCP MAIN COOLING PIPE TT 
NS NEUTRON STOP TTD 
PBL PROTON BEAM LINE TN 
PM POWER MAHIPIJIATOR WC 
R ROBOT 

or entrance cave) of the cave line. 

Finally, again using the above handling 

equipment, the vacuum seal between trolley 

end-plate and cavern is removed and 

SHIELDING DOOR 
SHIELDING WINDOW 
TROLLEY END PLATE 
TELEMANIPUIATOR 
TARGET TROLLEY 
TARGET TROLLEY DRIVE 
TARGET WHEEL 
WORKSHOP CAVE 

removable pieces of the rail track are 

fixed to brigde the gap between rail track 

and cavern. Having taken the trolley by 

means of the drive connected to it into the 



handling position in the assembly cave the 

remote handling operations are then carried 

out in the usual well known ways. If work 

on the target wheel is finished, all 

operations for relocation of the target 

wheel into its working position follow the 

same pattern of steps in reverse order. A 

spent target wheel will be disconnected and 

removed from its drive, fixed into a rack 

in upright position and stowed away into 

the wet storage bunker for later exa- 

mination and/or disposal. Fig. 3 shows 

the above mentioned handling sequences. 

Handling under faulted conditions 

The afore handling procedures describe 

handling under normal conditions. However, 

if faulted conditions occur, provisions 

have been made in the following manner. 

The worst of thinkable faulted conditions 

is, if, after having disconnected the 

cooling water pipes from the trolley end 

plate, the trolley for whatever reason can- 

not be pulled out of the cavern. In this 

case a small size flexible water pipe will 

be connected to the flange of the target 

cooling pipe providing for the.removal of 

the target after-heat (see also 4.3) and 

then one can start other appropriate 

actions, for instance in the case of drive 

failure the introduction of a 50 ton-winch 

and drawing trolley and drive by force into 

the IWR-cave line and only then doing 

whatever repair is needed by means of the 

equipment available in the cave-line. A 

less grave case is, that the trolley is 

stopped before reaching the handling 

position in the assembly cave. In this case 

some cooling is available already from the 

normal cave ventilation (a total amount of 

air flow of about 40.000 m3/h). By means of 

a movable fan a significant portion of this 

air flow can be directed onto the target 

surface. 

Thus having secured cooling for the target 

wheel the following procedures are carried 

out as explained before. 
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4. Safety aspects of the SNQ Target station 

In stage II of SNQ the uranium target 

reaches a radioactivity level of 3.107Ci, 

mainly fission products from high energy 

and fast fission of uranium /3/. The 

radioactivity generates a decay-heat of 

half the magnitude of a fission reactor 

with the same time dependency. Save 

enclosure is provided for by several 

barriers in sequence and a reliable after- 

heat removal like in nuclear reactors. As a 

longer interruption of target wheel cooling 

is tolerable from the safety point of view, 

after he'at removal is easier compared with 

research reactors. 

4.1 Multiple enclosure of radiactivity 

The arrangement of the activity barriers 

is shown in principle in fig. 4. The 

barriers are 

- the metallic cladding of the target 

pins 

- the primary circuit and 

- the target wheel cavern, the IWR-cave 

line, the proton beam line and the room 

for auxilliary plant installations. 

During normal operation the cavern is under 

vacuum maintained by a vacuum system. The 

vacuum system is equipped with,retention 

units like condenser, filters for air-borne 

particles and silicagel dryers in order to 

retain over 99 % of aerosols and water, 

stemming from leakages of the sliding seal 

of the target wheel. If necessary, the 

vacuum system can be shut-off and closed. 

The cavern is connected to the accelerator 

by the proton beam line. If the vacuum in 

the cavern breaks down, this connection is 

closed by valves. 

The IWR-cave line and the room for auxil- 

liary systems, in which the primary loop 

is housed, are kept under underpressure by 

ventilation systems during normal operation. 

If needed, the exchaust channels can be 

'closed. In addition, target block and IWR- 

cave line are situated in a hall, which is 

ventilated by a ventilation system too, and 

is also kept under a little underpressure 

compared with the atmospheric pressure out- 
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side. Thus it has been secured, that no 

radioactivity is uncontrolled released into 

the environment. 

FIG, 4: ARRANGEMENT OF THE ACTIVITY BARRIERS OF SNQ TARGET STATION WIEMATIC) 

4.2 Decay-heat removal 

Generally, decay-heat is removed by the 

primary and secondary circuits (fig. 5) 

The turbine loop is not needed for this 

purpose, and is therefore switched off. 

After shut-down one of the two shut-down 

pumps fed by emergency diesels in the case 

of power failure takes over the circulation 

of cooling water in the primary loop. The 

decay-heat is transmitted into the 

FIG, 5: PRIMARY AND SECONDARY COOLING 
f&##Tf,rYE,SNQ TARGET STATION 

environment by the secondary circuit. The 

cooling tower ventilators are not needed 

for this and are therefore switched off. 

The secondary cooling water is circulated 

by one of the main pumps. Mostlikely no 

emergency power supply is required for the 

secondary pumps, as an interruption of 

cooling of ,the secondary loop is tolerable 

for more than one day. (see fig. 6) 

u SJO- 
0 loss of Coolant and 

0-l I 

10’ 102 103 10’ 105 

Shut-down Time Is1 --w 

FIG, 6: TIME DEPENDENT MEAN TEMPERATURE OF THE 
URANIUM TARGET PINS FOR VARIOUS ACCIDENTS 

4.3 Decay-heat removal failures 

The loss of heat sink in continued ope- 

ration of lximary circulation only leads 

to a-very slow temperature increase in the 

primary circuit as the lower curve of 

fig. 6. shows. 
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For an assumed volume of 20 mJ of 

the primary circuit it takes more than one 

day to heat the water up to the saturation 

temperature. This time should be sufficient 

to put secondary circuit.back into opera- 

tion after failure. 

In the case of loss of forced cooling the 

decay-heat is stored in the target wheel 

and transfered via wheel surface to the 

cavern and its structure. The expected 

temperature increase is shown by the upper 

curve of fig. 6. At first the temperatures 

raise monotonously up to the saturation 

temperature. The stagnation of the 

temperature curve is due to the evaporation 

of the cooling water trapped between the 

target pins. The steam is forced into the 

cooling circuit. After complete evaporation 

the target pins and the wheel continue to 

heat up, until the generated heat is trans- 

fered from its surface into the cavern and 

its structures by radiation. With unpre- 

pared surfaces of the chosen materials 

FIG. 7: 
TINE DEPENDENT TEM- 
PERATURE OF VARIOUS 
COHPONEHTS Ih THE 
CAVERN IN THE CASE 
OF LOSS OF COOLING 
DURIRG HANDLING 5 
DAYS AFTER SHUT-DOWN 

5 6 7 a 
Shut-down Time Id1 - 

the temperature maximumexceedsthe melting 

temperature of aluminium, which is the 

chosen material for the wheel and for the 

canning of the pins. The melting tempe- 

rature would be reached after about 

7 hours at the earliest leaving plenty of 

time for restarting the forced cooling. 

Reaching the melting temperature can be 

excluded, if the emissivity of the heat 

exchanging surfaces can be improved to 0,5 

respectively 0,6. This can be achieved for 

the target wheel by anodizing the surface. 

Loss of coolant accidents are to be 

separated into two categories, whether a 

rupture of the primary circuit occurs 

inside or outside of the cavern. In the 

first case the cavern will be flooded, the 

cooling circuit however is not interrupted 

by this, so that decay-heat removal is 

still secured. In the second case a 

temperature increase occurs similar to the 

loss of forced cooling as the target wheel 

remains filled with water too. Whether in 

this case emergency cooling must be 

provided for lastly depends upoh whether or 

not the temperature maximum remains below 

the melting temperature without emergency 

cooling. One of the suitable measures for 

emergency cooling would be flooding of the 

cavern and heat transfer via the cavern 

liner to the target block. The loss of 

cooling during handling of the tar,get wheel 

does not present a problem as 5 days after 

shut-down handling will be started at the 

earliest and then a temperature of 600' C 

cannot be exeeded. (fig.7). 

4.4 Decrease of target wheel speed. 

If the target wheel-speed decreases below 

the fixed limit (0,5 s-l - 20 %) the Pro- 

ton beam will be stopped automatically by 

the normal shut down system within a second. 

Since even in the case of a pressure loss 

in the turbine and bearing circuit several 

seconds are needed for slowing down the 

wheel the shut down time of about one se- 

cond is sufficient to prevent temperature 

rises in the target pins which might lead 

to destruction by melting of the (Al) clad- 

ding material. At a speed of 0,4 s-l only 

a small part of the area (4 cm @ see /l/) 

at the wheel circumference will be hit. by 

two proton pulses and heated up to about 

280°C. 
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1. INTRODUCTION 

One of the design goals for SINQ is to achieve 
working conditions in the neutron experimental 
hall comparable with those found at reactors. 
Implicit in this aim is the requirement to 
have a very low fast and high-energy neutron 
flux at the sample, both from the point of 
view of radiological protection and exper- 
iment backgrounds. 

Diagrams of proposed layouts for SINQ may be 
seen in Figs. 11 and 12 of ref. 1. Both beam- 
tubes and guides are included. Currently there 
is discussion within the project group, of the 
wavelength range which might be better (or as 
well1 harldled with guides and examination of 
the possibility of using them to replace some 
beam-tubes. In principle guides will not be 
subject to the background problems of beam- 
tubes. 

The 'thermal' flux at the samp.le will be 
determined finally by the losses from meeting 
background conditions. The performance of the 
beam-tubes will depend on careful design. 
This work will mainly be carried out by the 
monochromator designers, with the 'neutron 
calculators' supplying necessary information 
on fluxes and attempting to calculate back- 
grounds; these calculations are difficult. 

In view of these difficulties, as much free- 
dom as possible has to be given to the de- 
signer: By decoupling the beam-tubes from the 

target station infrastructure: By avoiding 
having them on a critical path in the design 
and/or construction programme: By allowing 
sufficient flexibility that modifications may 
be carried out as operational experience is 
gained.. 

The above paragraphs present a 'mechanical' 
concept. The aim of the rest of this paper 
is to try and set out the problems from the 
high-energy neutrons and examine what needs 
to be calculated. That is, to consider the 
important question of a concept for the cal- 
culations. Because of its obvious advantages, 
some work has been done on trying to speed up 
the high-energy Monte-Carlo neutronics cal- 
culations; this work is incomplete, but pre- 
sented in the hope it might provide useful 
ideas for other groups. 

2. BEAM TUBES 

2.1 General 

The beam-tube is taken to include the whole 
region between the beam-tube tip in the moder- 
ator tank and the neutron port at the sample. 
It therefore includes collimators, tube 
liners, filters and monochromators. This is 
shown schematically in Fig. 1. 

Target BULK SHIELD 

Fig. 1 Schematic layout for a beam-tube system. The arrowed lines++++ 
illustrate the principal sources of background caused by high 
energy neutrons. 
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The problem is to reduce the flux of unwanted 

neutrons to acceptable levels whilst also 

minimising the loss of wanted neutrons. At 
present it is not known what an 'acceptable 

level for background' means, but it is hoped 
to obtain some quantification by experiment 
at the "NE l"neutron beam here at SIN. 

The principle cause of neutron flux loss will 
be distance but other contributions might 
come from having to use beam-tip radii away 
from the thermal flux maximum in the moder- 
ator, double-monochromators and filters. 

2.2 Backgrounds 

Monochromator and instrument designers have 
come to terms with the fast neutrons present 
in reactors. SINQ will have these also, but 
the principle new problems stem,from neutrons 
atiove 2 MeV and extending close to that of 
the primary proton energy (590 MeVl. 

The background at the sample from this 'new' 
problem area will mainly arise from: 

1. The scattering of high-energy neutrons 
by the monochromator crystal. 

2. Oirect background through the shield 
and from the beam-stop. 

The neutrons causing these may be considered 
to coma from four sources: 

(i) 

L (ii) 

(iii) 

(iv1 

High-energy neutrons scattered by the 
020 into the beam-tube. 

Secondaries from interactions in the 
beam-tube window. 

Direct transmission through the shield 
and including reduced shield efficiency 
from voids created by the beam-tube 
and other equipment. 

Leakage from the shield. 

A schematic illustration of these background 
sources is included in Fig. 1. 

2.3 High energy neutron scatterine bv a mono- 
chromator crystal 

As the scattering of high-energy particles 
by the monochromator is probably going to be 
the main cause of background, a first estimate 
of the extent of the problem has been made 
using the deliberately pessimistic case of a 
1 cm thick copper crystal. 

Cierjacks et al.2 have measured the high- 
energy neutron spectrum from a beam tube in 
a H20 moderator. This measurement should in- 
clude contributions from all four sources 
mentioned in subsection 2.2. In absolute flux 
terms, it is believed these results are pessi- 
mistic compared to the situation we will have 
in SINQ3. 

The calculation has used MECC (see section 
3.21 to estimate inclusive differential cross- 
sections averaged over the measured spectrum 
and includes the effective thickness change 
as the crystal is tuned. The results are 
shown in Fig. 2. 
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Fig. 2 Scattering by copper averaged over 
the HE neutron spectrum measured 
by Cierjacks et a1.2. 

3. BEAM TUBE CALCULATIONS 

3.1 General 

The type of system to be calculated has been 
shown in Fig. 1 and the sources of background 
in section 2.2. 

For radiation protection purposes there needs 
to be about 4 m of iron and 1 m of concrete 
between the moderator tank outer wall and the 
neutron hall. The calculations will need to 
quantify the spectra deep inside this shield, 
including asymmetries and inhomogeneities. 
The major problem in carrying out calculations 
is choice of method. No single method seems, 
at present, capable of doing this job. 

The HETC package4 is the major tool for de- 
tailed high-energy transport studies. It 
suffers from the major drawback of slow cal- 
culation speed, but can tackle the anisotropy 
and inhomogeneity of the problem; that is we 
can set the problem up but probably do not 
have enough time to actually complete the 
calculation. Similar remarks apply to Monte- 
Carlo neutronics codes, e.g. Morse5, 05R6 
etc. 
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Deterministic methods are well developed for 
2-C calculations and are bein used for the 
SINQ bulk shield calculations 9 . Their use for 
beam-tube problems was reviewed by Armstrong 
et al.8 at ICANS-VI. Extensions to 3-D are 
available, Takeuchig, and a test case based 
on the Cierjacks measurement (see section 2.31 
is being sent to Dr. K. Takeuchi for comments 
and (hopefully) calculation. 

Examination is being made of ways to speed up 
Monte-Carlo for the high-energy neutrons to 
enable some first estimates for their effect 
to be obtained. In the next few sub-sections 
these will be described and some results pre- 
sented. 

3.2 HET I 

The principle component of HET is a subroutine 
version of the Medium Energy Cascade code of 
EiertinilO., This uses Monte-Carlo to compute 
the interaction of medium-energy particles 
with nuclei. In HET it operates at two levels; 
to calculate the interaction cross-section 
from the 'geometric' cross-section; to sample 
an outcome of an interaction. The Bertini 
code has been isolated from HET to allow 
direct calculation of interaction cross-sec- 
tions. This will be referred to as NECC. 

There is an 'outer loop' Monte-Carlo to 
follow the propagation of the particle cas- 
cade through the material which also takes 
account of other relevant physical processes. 
The remainder of HET contains geometry, book- 
keeping and (user written1 source description 
routines. 

The 'slowness' of HET comes from the need to 
calculate each interaction. 

3.3 Acceleration of the calculation 

Calculations for beam-tubes will be made 
mainly to obtain particle fluxes. These de- 
pend on the geometry of the cascades, source 
particle distribution and calculated system. 
The geometry of the cascade only depends on 
the type and energy of the initiating particle 
and the material through which it is propa- 
gated. 

A major increase of speed is obtained if cal- 
culations makes more use of the information 
in the cascades. This is most easily dem- 
onstrated with an example. 

3.4 Calculation of a large iron sphere 

The problem is to calculate the dose due to 
escape particles from various radii iron 
spheres with a 300 to 400 NeV neutron source 
at the middle. A full description of the cal- 
culation may be found in reference 11. 

Escape particles are the result of the trun- 
cation of an infinite region particle cascade 
by the size of the system. The cascades will 
be initiated by the primary particles at 
various depths in the shield with the usual 
exponential probability. 

HET was used to generate a set of 2000 infi- 
nite-extent-medium cascades. These were then 
subjected to a straightforward geometric 
transform to bring their starting point (the 
first interaction] to various depths in the 
shield (i.e. first collision biasing) and 
then analysed to enable the escapes (cascade 
track segments which cross the outer boundary1 
to be pic'ked out. The total escapes are cal- 
culated by summation of the appropriately 
weighted contributioni of all bias shells, but 
using the same set of cascades. 

The calculation was made for radii up to 5 m. 
A plot of the calculated iose from escapes 
as a function of sphe,re radius is shown in 
Fig. 3 and the escape-neutron spectra for 
various thicknesses in Fig. 4. 

I I 

la Ia x4 &a 

Shield Radius lard 

Fig. 3 Calculated surface integrated dose and 
dose-equivalent for various radii iron 
shields and source neutrons of energy 
300 to 400 MeV. 

In effect, the method makes the assumption 
that the 2.000 cascades give a proper descrip- 
tion of all that are possible. Further cases, 
for different neutron energies and also with 
concrete have been calculated. The shielding 
effect as represented by the large depth 'ab- 
sorption' length were in reasonable agreement 
with typical values used in 'hand estimation' 
of shields. 

3.5 Extension to beam-tube fluxes 

The method of section 3.4 is at present lim- 
ited to single media, mainly because no satis- 
factory storage system has yet been devised 
by us for the extra cascades for more than 
one medium. 

A straightforward extension has been made to 
include the effect of voids. This is simply 
a matter of extending the length of cascade 
segments which cross a void. At present this 
has only been used for a test calculation of 
the effect of voids on surface escapes. It 
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No suitable results are available for presen- 
tation. 

Neutmn tneqy 1 HeV 1 

Fig. 4 Escape-neutron spectra for shields 
of thickness from 25 to 200 cm. 

can also be used to allow estimate; of the HE 
contribution from shield leakage into the 
beam-tube, but not in a straightforward man- 
ner for seeing the effect of different liner 
materials. 

(a) Sample cascade 

3.6 High energy scattering by.022 - 

The methods used for the bulk shield estimate 
in section 3.4 have been taken a stage further 
to estimate the HE neutron flux scattered by 
the 020 into the beam-tube [see Fig. I). 

The distribution [in position, angle and 
energy1 of HE particle escapes f?rom the target 
can be calculated directly with HET. The pro- 
bability of scattering into the beam tube 
should be rather small. For design purposes a 
survey of how this component varies with beam 
tube tip radius is required. 

The set of sample cascades (in 020 this time) 
contains full information about the geometry 
of the cascade. A cascade segment can be used 
to compute the geometric transform which puts 
it along a beam-tube (a 2-O representation of 
this is shown in Fig. 51. The transform is 
then applied to the whole cascade, and if the 
transformed cascade-initiating particle’s 
trajectory intersects the target at a point 
where it could have been produced [correct 
production angle and energy), the cascade 
then represents a contributing event. 

As we ‘know’ the 020 interaction cross-section 
(from the MECC code - modified to treat 0 
collisions), both the initiating trajectory 
and the track-segment entering the beam-tube 
can be extended (or contracted] with a probab- 
ility correction according to the usua.1 ex- 
ponential law. It should also be noted that 
the cascade transform is ‘free’ in the ro- 
tation about the cascade segment. 

Full exploitation of the cascade information 
is made: The branches of the cascade follow- 
ing a track segment also represent a cascade 
but initiated by a particle of type and 
energy on this track segment. 

(bl Transformed into moderator 

Fig. 5 Two-dimensional representation of cascade selection for 020 scattering 
calculation. [al Cascade is initiated at A by particle starting from 0. 
The track segment X-Y is used to construct the transform which puts this 
along the beam-tube (bl. The segment A-B intersects the target. 
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First results are presented in Fig. 6 and 4. CONCLUSIONS AND DISCUSSION 
show the relative HE neutron scattered flux in 
a beam-tube as a function of position. For 

There are many parameters available which are 

reference the thermal flux variation is also more or less effective in background re- 

shown. So far the calculation has not been 
duction; beam-tube tip position in the moder- 

absolutely normalised. 
ator; size of the beam-tube; the material and 
dimensions of the beam-tube liner and colli- 
mators; layout geometry, materials etc. of 
the monochromator. 

I I 
. I I I I 
. 

80 50 30 

: 
-40 i 1 1 1 I I I I 

0 20 40 60 80 

Radial Distance from Target Axis (cm) 

Fig. 6 Contours for the relative intensity 
for high-energy neutron scatters by 
D2G into a tangential beam-tube. For 
comparison, the thermal flux distri- 
bution is also shown (- - -1 . 
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Abstract 

The possibility of greatly improving or extending 
existing types of research and of opening quite new 
fields of research occur when new intense neutron 
sources are produced. Two examples will be given in 
the field of neutron diffraction from isotropic 
materials. These examples have been chosen both 
because of their scientific interest and because they 
illustrate the continuing need to stretch the 
capabilities of present accelerator and target designs. 

Introduction 

The advent of a new neutron source usually allows 
the users to open up new areas of study not accessible 
previously (e.g. the new developments at the Institut 
Laue Langevin), and the new generation of pulsed 
sources is expected to provide such opportunities. 
Some possible examples have been given in previous 
talks, but these have involved mainly a modest 
extrapolation of existing work. In this paper I will 
consider some more extreme possibilities. 

Papers about neutrons have been published for some 
50 years, and almost every conceivable speculation 
concerning their uses has been made. The versatility 
and utility of neutrons in the study of condensed 
matter is fully understood, but many of the 
experiments have fallen far short of the ideal neutron 
experiment envisaged in the speculations. Most 
experimentalists do what is possible as a first 
approximation to what is needed! Consequently from 
the ideal point of view we can categorise most results 
as coming from "bad experiments". The advent of a new 
source not only allows much needed improvements to be 
made, but also allows radical changes in experiments 
and some new directions to be opened. To discover 
which of these opportunities might become possible, we 
have to fit the properties of the new source to the 
speculations of the past. In the following discussion 
I shall present two examples of this fit. 

High Energy Neutron Diffraction 

Neutron diffraction experiments on liquids and 
glasses are usually carried out with wavelengths of 
about 1 A (% 80 meV) largely because the intensity is 
high at this wavelength and results are not too bad. 
But it is well known that ideally the results would be 
improved if the energy were higher. Energies of *.3eV 
have been used for some work and somewhat higher 
proposed: but what energy (E) is really needed? I 
will consider three arguments related to this question. 

The first concerns the structure of liquids, non- 
crystalline biological materials and chemical 
solutions all of which may contain H or D. Because 
hydrogen has a mass almost the same as the neutron 
there is a significant neutron energy change (AE) on 
scattering. A correct diffraction experiment requires 
AE << E, and since this is not achieved the observed 
data are corrected to make them correspond to this 
limit. This correction is accomplished by ad hoc 
models and usually amounts to many times the quantity 
being sought (namely the interference term in the 
cross section). The relative size of the correction 
at any given value of the momentum transfer (hq) can 
be reduced by using a higher energy, because the given 

momentum transfer now corresponds to a lower angle of 
scatter. At high energies the principal effect is 
recoil and it is easy to show that a 1% correction to 
the cross section occurs at an angle (9) of 8'. One 
might say that reasonable results occur when the 
correction is the same magnitude as the signal. Since 
the interference term may be ~1% of the self term at 
10 A-l, this means q 'L 10 A-l must occur for 8 ?, 8', 
or E Q, 100 eV. 

The second example concerns the measurement of the 
pair correlation functions, g(r), for materials in 
which the nearest neighbour peak is very sharp (and 
may be separated from the remainder of g(r) and also 
have some structure). This probably occurs for a 
number of metallic glasses and simple molecules. If 
we ask for a resolution in r space of %.05 A we need 
data to q ?, 108 A-I, and for a peak in g(r) at r - 
d Q 1 A the intensity (i.e. (Sin qd)/qd) in the 
diffraction pattern will have fallen to 1% at 100 A-I 
compared to its value at q + 0. Thus for this case it 
is useful to take data to 100 A-I. It is still 
necessary to keep recoil corrections small but since 
the elements involved in many such samples are heavier 
than Ii, angles up to %25' may be accepted and then E 
is 4, 100 eV. 

The final point concerns the general 
interpretation of the experimental condition AE << E. 
Recoil of heavy elements at large angles will transfer 
several eV for E $ 100 eV. Since this should be 
enough to break chemical bonds it is sufficient, and 
suggests that % 100 eV is a maximum requirement. More 
generally the energy transferred in neutron scattering 
can induce chemical reactions in the sample, for 
example we can knock a proton from one water molecule 
to another: 

2H20 -+ H3O+ + OH- 

which requires about 3 eV. Since this is a light 
element sufficient recoil energy will be found at a 
low angle and an unusual shape will be seen in the 
cross section in the region where normal diffraction 
effects are seen also. Thus for samples in which 
chemical reactions might occur we need E >> 3 eV to 
avoid this type of distortion: that is E 2, 50 to 100 
eV. But if a "diffraction" pattern was recorded for 
E I\, 3 eV, it would differ significantly from that 
observed for E 2, 100 eV and the difference might be 
used to determine some properties of the chemical 
reaction. This opens up a new field of study 
ultimately leading to different experiments which 
determine S(q,w) for the chemical reaction. 

To perform neutron diffraction experiments of this 
kind requires an intense source for 50 < E < 150 eV, 
and pulsed spallation sources may meet this need. 
Because these neutrons are travelling at Q 7 !Jsec/m, 
short pulses $ 0.2 usec are needed but the repetition 
rate may (if desired) be up to several kilohertz. In 
addition new instruments would be needed: Dr. K. 
Suzuki (Tohoku University) and I have designed one for 
a source similar to the S.N.S. and it is shown in 
figure 1. Since it is desirable to avoid 
contamination with lower energy neutrons we propose 
using a broad capture resonance in the detector. At 
present the most suitable appears to be cobalt at 132 
eV, although the energy is perhaps twice as high as we 
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Figure 1. Single Energy Neutron Diffractometer for Amorphous Investigations (SENDAI): an instrument using 
T-o-F to select an energy in the neighbourhood of 100 eV, and which allows a high quality conventional 
fixed energy variable angle diffraction pattern to be measured out to %lOO A-l. 

would like and there is a significant amount of 
scattering in this resonance. At the 100 barn level 
the width is 132?25 eV, and so a 1 mm thickness is 
appropriate (60 time channels of 0.2 nsec and a path 
of 10 m will cover 132t25 eV). Capture y-rays would 
be detected by a position sensitive detector of large 
size (2 m long by 0.2 m high and 5 mm position 
resolution). Each time channel of 0.2 psec would 
correspond to a well defined energy (such that Aq s 
.5 A-l at 100 A-'), and thus each time channel would 
give a structure factor of the convential kind with 
fixed energy and variable angle. For this reason it's 
called the Single Energy Neutron Diffractometer‘for 
Amorphous Investigations (SENDAI). After data 
reduction the 60 sets would be averaged, and added to 
data for q < 4 A-l obtained at low angles in the 
present day type of diffractometer. Some other details 
are given in the figure. Assuming that the detector 
can be made 10% efficient, we estimate that s lo5 
counts for each of 400 angular positions would be 
obtained in 24 hours operation at the S.N.S. This 
study was done to demonstrate the feasibility of 
diffraction work using E % 100 eV, although pilot 
experiments with energies of 20-60 eV and conventional 
detectors giving lower rates may offer a better 
starting point. Also this would allow complementary 
issues, such as whether resonances can be exploited for 
anomalous dispersion experiments, to be explored. 

Single Pulse Diffraction 

The use of pulsed sources to.study transient 
behaviour has been discussed frequently and some 
experiments have been undertaken in a number of 

laboratories. I will call these experiments "weak 
transient" studies since the sample is not damaged 
significantly by the transient and it may be exercised 
over a very large number of cycles. However, "strong 
transient" work is perhaps of greater interest, since 
in such experiments a single transient damages or 
destroys the sample which is taken to the experimental 
limit of pressure, temperature etc. Examples are 
provided by the impact of projectiles, intense shock 
waves, implosions etc. or by giant laser pulses, large 
electrical discharges etc. It is desired to study the 
state of matter as the transient progresses through 
the sample and up to the point at which the sample is 
severely damaged. In such experiments some data must 
be taken with a single neutron pulse, although one can 
imagine samples being recharged at the rate of several 
per minute down to s l/day. In any event the whole 
experiment (both time and position behaviour through 
the transient) might have to be completed with IO-100 
samples. One might also argue that the proton target 
could be changed after 100 pulses. 

Paper studies of accelerators giving intense 
pulses have been made at Triumf in connection with the 
Kaon factory proposal. TRINS 2B (Triumf Intense 
Neutron Source 2B) for example would.deliver a 3 GeV 
proton beam with ~10'~ p.p.p. at 0.5 Hz.' A better 
solution would be ~10~~ at 0.1 Hz, as calculations 
(using existing 

75 
eneral purpose diffractometers as a 

base) suggest 10 p.p.p. is the lower limit for such 
experiments. At this limit single pulse data (with 
modest statistical errors) could be taken on a 
relatively large sample (20cm2 beam area) of a simple 
crystalline material which would give a set of strong 
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Figure 2. Angles and Energies Collected without Limit (AECL) Spectrometer used to measure the diffraction 
pattern of a point on a polycrydtalline sample, which is being destroyed in a strong transient phased 
in time with the proton pulse. 

Bragg reflections. The alteration in these 
reflections would be studied as the transient proceeds. 

In the first method (figure 2) the sample is 
placed close to the moderator so that a pulsed white 
spectrumofneutrons passes through it at a given 
(time) phase relationship to the transient. With 
subsequent samples the phase could be altered. To 
obtain adequate statistics all wavelengths and angles 
of scatter should be collected and the data reduced to 
a single intensity vs. momentum transfer curve. 
Moreover fast electronics and detectors would be 
needed to handle the high peak counting rates (which 
are made manageable by the spread in time of the 
neutron pulse over the flight path). A new Angles and 
Energies Collected without Limit (AKL) spectrometer 
should be designed for this purpose. Initial 
calculations suggest this instrument is technically 
feasible, although the problem of making fast enough 
‘neutron only’ detectors is difficult. If sufficient 
intensity is available the sample would be masked SO 
that a pre-chosen region of it is irradiated and the 
masks moved for subsequent samples. 

The above method has two disadvantages, the 
background will be high with the sample so close to 
the moderator, and many different samples are required 

to obtain phase shifted data. A simple way to 
overcome these disadvantages is to place the sample 
several metres from the source so that collimators may 
reduce the background and the spreading in time of the 
different wavelengths may be used to stobe a single 
sample. A number of diffraction patterns, one for 
each wavelength, is obtained to give the change in 
structure with time. Unfortunately this requires 
higher intensity, perhaps ~10~’ p.p.p, at which stage 
the performance of the proton target may be a limiting 
factor. 

Conclusion 

The advent of a new generation of spallation 
sources will allow new ground to be broken in the 
field of neutron diffraction. Two examples were 
considered in this paper, but others are to be 
expected. In the first example an intense average 
output was required and the pulse repetition frequencv 
could be relatively high (kliz). In the secondexample 
intense single pulses were required at a very low 
repetition rate. From the point of view of the 
accelerator designer or target designer this look into 
the crystal ball has presented two opposite limits and 
both of them need to be explored. 
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Abstract 

Based on calculations of the expected kind and amount 

of radiation damage for heavily loaded SNQ-target wheel 

components, an irradiation program for promising candi- 

date materials is presented. It includes simulation ex- 

periments, neutron irradiations and various proton 

irradiation experiments. Typical examples are discussed 

in detail with the emphasis on medium energy - high 

current proton irradiation experiments to be performed 

at the LAMPF-accelerator. 

1. Introduction and calculated radiation damage 

In order to achieve a reliable operation of the SNQ- 

target wheel during its 12.000 h lifetime, a suffi- 

cient stability of the used materials against radia- 

tion damage effects is needed. Fig. 1 shows the most 

heavily loaded components from irradiations point of 

view. 

Fig. 1 SNQ-target wheel components exposed to intensive 
proton and neutron irradiation. 

The amount of the expected radiation damage has been 

calculated by usual methods (Lohmann, 1981) in terms of 

displacement damage rates and He-/H-production rates 

for a variety of materials. The underlying assumptions 

are: 

proton beam energy 1100 MeV, time-averaged beam 

current 5 mA, characterizing the worst case, 

applicability of known 800 MeV-proton damage para- 

meters to the 1100 MeV case, 

possibility of the evaluation of unknown proton da- 

mage parameters by linear extrapolation from the 

known data base, 

neglectability of neutron damage contributions for 

the stationary proton beam window (Coulter, 1977). 

Results from these and other considerations are com- 

piled in Tab. 1, indicating the supposed problem 

aieas, too. 

'ab. 1 Calculated radiation damage for various SNQ- 
target wheel components and expected main 
materials problems. 

Inspection of Tab. 1 reveals the highest damage rates 

- exceeding even those of fusion reactor devices by 
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orders of magnitude - for the stationary proton beam 

window. This component is hence considered as a desi- 

rable, but not imperatively needed part for the SNQ- 

target station. Promising materials are SAP (sintered 

aluminium product, Al-matrix + 7 % A1203), offering 

sufficient strength up to 400°C and the ability of 

accomodating high amounts of both He and H without 

drastic degradation of its mechanical properties 

(Krautwasser, 1983), and metallic glasses with high 

thermal stability like Nb4QNi6Q being insensitive at 

least to displacement damage intrinsically (Lohmann, 

1982). 

Much lower damage rates can be seen for all rotating 

components, demonstrating thus the advantages of the 

rotating target wheel concept. Useful materials for the 

rotating proton beam window, the target wheel struc- 

ture and the target element cladding are Al-alloys and 

- if needed from temperature conditions - Zircaloy-2. 

The choice of the target material itself is mainly de- 

termined by neutron yield considerations leading 

therefore to either Pb or W for non-fissile materials 

or to depleted U (Krautwasser, 1983) including fast 

fission contributions to the total neutron yield. 

The concern in the case of the slide ring materials is 

the applicability of conventional (WC, C) and improved 

(Sic, C) combinations under SNQ-conditions (tempera- 

ture, n-fluence). 

As the proton beam penetrates the cooling water, the 

effects of water radiolysis possibly leading to en- 

hanced corrosion of structural components have to be 

investigated, too, together with the development 

suitable water conditioning techniques. 

of 

In general, a strong necessity for extensive irradi- 

ation tests is felt for all materials and components 

discussed above. 

2. SNQ materials irradiation program 

The basic idea of the SNQ materials irradiation program 

is to match both with the expected irradiation effects 

(cf. Tab. 1) and with the availability of existing irra- 

diation facilities. A staged proceeding has therefore 

been chosen, summarized in Tab. 2. 

This program includes a variety of experiments of 

different kinds ranging from small-scale simulation 

tests using KFA-facilities over more complex fast neu- 

tron and spallation neutron irradiations to experi- 

mental conditions under 800 MeV-p-irradiation being. 

close to the real SNQ operating conditions; the latter 

investigations are hence basically considered as a 

proof test of certain SNQ-components up to a complete 

target wheel. A special advantage of this procedure 

should be mentioned: each program stage introduces 

more complicated irradiation and thermomechanical 

loading conditions, offering thus the possibility to 

proceed from simple irradiation effects (e.g. He- or 

p-effects only) to the complex SNQ-environment ulti- 

metely. 

In order to illustrate the SNQ materials irradiation 

program, some typical examples and experiments will be 

discussed below. 

Irradiatlm 
we 

26w-0 

Lccaf Lrn FuEase 

KFA- R 
f 

Sinulati of k-effects 
@c otrm) bv dGi%tat im 

yg1rEnt 

- post-irradiatim test 

- p;twt&ml fatlw 

24w-D UFA-IR Simrlatlm of wtef radiolysis in sitvtests m a closed Plamed far 1w 
twlotrffl) water SYSfen 

Fast ” - Basic data for n-lrr@iated . Pu5t-irradiatim test Plrrred after fall, 1933 
mterials W 

cplwrslts 
fcr SIC. MC, c ti u. u 

- pgib&ty 0 P- md n- 

4 

- p-lrradiatim eff 
Y 

ts In SNJ 
cwhbate mater ia s 

- yg-t-yatim test 

- ~~r;;trpenml fatwe 

kwod exw1nmts far 
1’33 (AI. W. netalllc 
glasses 

- Water rsdiolvsis effects in sitwnSaSWal?nt and cm- To k attached at NHa 
dltlmlw 

- Prmf test of a cmlete me11 
target wheel urxlw realistic 
,-rrr(,+,,VlQ 

In situ- anl Wst-lrrxilatim Pransd fcr 135 
test uluA) 

Tab. 2 Survey over the SNQ materials irradiations program. 
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3. Examples of experiments from the SNQ materials irra- 

diations program 

3.1 Neutron irradiation experiments on W 

W is one of the non-fissile target material candidates 

for SNQ. Whereas no major problems are seen concerning 

thermomechanical load and irradiation effects like 

swelling or change of mechanical properties (Bauer, 

1981), at least one special irradiation effect remains 

to be investigated: the irradiation-induced shift of 

the ductile-to-brittle-transition-temperature (DBTT) as 

depicted in Fig. 2. 

Fig. 2 

Fast fluence, neutrons/cm* (E>lMeV) 

Ductile-to-brittle transition of polycrystalline, 
recrystallized W as a function of the fast neu- 
tron fluence (Younger, 1970). The results are 
based on postexposure tests on samples pre- 
irradiated at about 395 K. 

A distinct materials deterioration must be expected, 

if the DBTT is higher than or similar to the SNQ 

operating temperature, leading thus to either opera- 

tion within the brittle range or - even worse - to a 

periodical thermal cycling over the DBTT during each 

wheel revolution. 

The ongoing experiments are intended to generate data 

on the DBTT-increase rate and on mechanical proper- 

ties of irradiated material. They include fast neu- 

tron preirradiations at SNQ-typical temperatures and 

fluences (350-4OO"C, < 1 x 1021 n/cm', E > 1 MeV) and 

corresponding post-irradiation tests. The materials 

to be investigated are pure W, W-1ORe and W-26Re 

(both with an intrinsically low DBTT) and the sintered 

alloy Densimet 18. Promising materials from this 

screening experiments will be selected for more spe- 

cific irradiation tests like TRLA (cf. Tab. 2). 

3.2 Proton irradiation experiments 

All proton irradiation experiments will be performed 

at the LAMPF-beam stop area, where a 800 MeV/i 1 mA 

proton beam is available. 

3.2.1 Static irradiation experiments 

A set of suitable irradiation capsules (SNQ-Ia, -1b) 

has been developped and is schematically shown in 

Fig. 3. 

Fig. 3 Schematic sketch of the SNQ-Ia-, -Ib-experiments 
for static proton irradiations. 

Capsule SNQ-Ia has an Al-structure and is dedicated to 

the irradiation of Al-alloys (cf. Tab. 1) at about 

100°C to SNQ-relevant fluences. As can be seen in 

Fig. 4, it consists of 9 sample tubes at 4,different 

beam positions, providing thus also information on the 

dose dependence. Each sample tube contains a stack of 

8 sheet tensile specimens, which are surface cooled by 

water. 

.a - 

. . 

Fig. 4 Capsule SNQ-Ia for static proton irradiation ex- 
periments at temperatures up to 150°C. 

Capsule SNQ-Ib has a stainless steel structure and will 

hence be used for irradiations at elevated temperatures 

(up to 500°C) on beam window candidate materials (cf. 

Tab. 1) like SAP or metallic glasses (Nb40Ni60) and 

also on promising W-alloys (cf. 3.J). The general de- 
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sign (Fig. 5) is similar to SNQ-Ia with the exceptions 

of only 3 sample tubes and a He-gas.surface cooling of 

the samples. 

Fig. 5 Capsule SNQ-Ib for static proton irradiation 
experiments at elevated temperatures 
(5 5OOOC). 

The envisaged data analysis for these experiments will 

be described under 3.2.3. 

Al-box 

He-cooling 

sample- 

insulation- 

support - 

tensional bw 

clamping. 
(water -coded1 

_ proton beam 

load #II 

in situ-thermal fatigue Fig. 6 Schematic sketch of the 
experiment SNQ-II. 

3.2.2 In situ-thermal fatigue experiment 

In situ-thermal fatigue tests are of special impor- 

tance because of observed synergistic effects of me- 

chanical stress and irradiation (Sommer, 1983). This 

holds for all rotating parts of the target wheel, 

which are periodically hit by the proton beam (cf. 

Fig. 1). An apparatus for corresponding investigations 

without irradiation is operating at KFA, it-om which 

the design for the capsule SNQ-II has been derived. 

Fig. 6 shows the basic layout of SNQ-II. 

The sample - again with sheet tensile geometry - is me- 

chanically prestressed in tension and periodically 

heated up by a pulsed dc-current through its gauge 

length. Variation of both the mechanical prestress via 

the movable upper clamp and the electrical heating 

power input allows the determination of the materials 

thermal fatigue characteristic under mean stress-con- 

trol. In order to get a rapid cooling-down after each 

heating pulse, the specimen is intensively cooled by 

He-gas on its surface and by edge-cooling in the water- 

cooled clamps. Sample temperature measurement is 

achieved mainly be resistance measurement of the gauge 

length. Materials to be investigated are primarily Al- 

alloys (cf. Tab. 1) close to SNQ-conditions', i.e. at a 

mean temperature of about 100°C and a AT of 24°C per 

heating pulse. Capsule SNQ-II allows the simultaneous 

operation of two specimens with independently variable 

parameters. 

3.2.3 Data analysis for the foil specimen experiments 

There will be a joint data analysis for the specimens 

of SNQ-I and SNQ-II. A preliminary compilation of the 

planned post-irradiation investigations is given in 

Tab. 3. 
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Tab. 3 Data analysis for the experiments SNQ-I and 
SNQ-II. 
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3.2.4 Test wheel experiment TRLA 

In order to match the SNQ operating conditions as best 

as possible, a proof test of a complete small SNQ-target 

wheel TRLA (Testrad Los Alamos) is indicated as the ul- 

timate goal of the irradiation experiments. The possible 

TRLA-design is shown in Fig. 7. 

CYLlNDRlCALl \ROTATbJC 
WATER BOX WHEEL 

bEAtI STOP 

Fig. 7 Schematic sketch of the proposed test wheel 
experiment TRLA. 

TRLA consists basically of a rotating target element 

structure within a cylindrical water-cooled box 

suspending from a shielding plug. Being mainly a 

materials test experiment, a total of 180 test pins 

will be inserted, subdived into Pb-, W- and U-sectors. 

Each sector contains different combinations of the 

target material alloy, the cladding material alloy and 

- if needed - an intermediate bonding layer. Provi- 

sions will be made to withdraw single target elements 

for inspection purposes. Essential engineering aspects 

like the test of the slide ring sealing and the dri- 

ving water turbine as well as temperature measure- 

ments within certain target elements will also be 

covered by TRLA. 

because there is a series connection of the cooling 

systems for both TRLA and the beam stop. 
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L. Agnew, D. Grisham, R. 3. Macek, W. F. Sommer, and R. D. Werbeck 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

Summary 

LAMPF is a multi-purpose high-intensity "meson 
factory" capable of producing a 1 mA beam of 800 MeV 
protons. The three target cells and the beam stop 
facilities in the high intensity area have many special 
design features that are required for operation in the 
presence of high heat loads and intense radiation 
fields where accessibility is extremely limited. 
Reliable targets, beam windows, beam stops, beam 
transport and diagnostic components, vacuum enclosures, 
and auxiliary systems have been developed. 
Sophisticated remote-handling systems are employed for 
maintenance. Complex protection systems have been 
developed to guard against damage caused by errant 
beam. Beam availability approaching 90% has been 
achieved at currents of 600-700 nA. A new facility for 
direct proton and neutron radiation effects studies 
will be installed in 1985. The new facility will 
provide an integrated spallation neutron flux of up to 
5 x lo17 m-2s'1 and will enable proton irradiation 
studies in the primary beam. 

Overall Design Features 

LAMPF is an 800 MeV proton linac capable of 
simultaneously accelerating H- ions to energies in the 
200-800 MeV range. An overview of LAMPF was presented 
at the 1981 ICANS meeting in a paper entitled 
"Operating Experience with the Meson Factories," by 
R. J. Macek.1 The principal design goal for LAMPF was 
to provide high-intensity (up to 1000 nA) proton beams 
for "meson factory" use for a number of non-interfering 
secondary beams of pions and muons, while also 
providing low-intensity variable-energy polarized and 
unpolarized primary beams, and additionally providing 
high-peak-intensity 800 MeV proton beams for a pulsed 
neutrqn facility at the Weapons Neutron Research (WNR) 
area. Starting in 1985, LAMPF will also provide up to 
100 pA of H- beam for injection into the 890 MeV Proton 
Storage Ring (PSR) now under construction. 

A layout drawing of the LAMPF experimental areas 
is given in Fig. 1. Low intensity beam from the 
accelerator is bent 45' to the left at the switchyard 
to serve the needs of experiments that utilize variable 
energy protons and neutrons at three target stations. 
High-peak-current beam is bent 90' to the right at the 
switchyard for delivery to the WNR and the PSR areas. 
The high-intensity main beam, currently operating at 
about 700 pA average current with a macroscopic duty 
factor of six percent, is transported through the 
switchyard to Beam Area A where it passes successively 
through three graphite production targets that serve 
six pion and muon beams. After passing through the 
three targets, the residual beam (reduced to about 
745 MeV in energy and to about 2/3 of the incident 
current) is transp rted 
isotope production, s 

to the beam stop area for 
neutron and proton irradiation 

studies, and neutrino experiments. 
The uao of sequential targets mandates several 

design characteristics. Transport elements must be 
scaled to handle beams of large phase space. 
Quadrupole focusing elements must be placed as close as 
possible downstream of the targets to conserve useful 
beam. Collimators capable of accepting high power 
levels are needed to shield transport elements, 

*Work supported by the US Department of Energy. 

diagnostic devices, and vacuum joints from intense heat 
loads. 

Operation at very high intensity requires accurate 
knowledge of beam optics, precision in beam tuning, and 
the utilization of special radiation-hardened 
diagnostic devices (see "Radiation Resistant Beam 
Components at LAMPF," 
conference).4 

presented by R. J. Macek at this 
Fail-safe, fast-acting, redundant 

protection systems against faulty beam control must be 
provided, as a missteered high-intensity beam could 
cause severe component damage in times of the order of 
a second. 

Target and beam stop areas must be heavily 
shielded, and, of course, become highly activated. 
Residual gamma ray levels up to lo5 R/h have been 
observed at LAMPF. Maintenance and replacement of 
targets and beam line components must be done by remote 
handling methods in order to avoid unacceptable 
radiation doses to personnel. At LAMPF, the "Monitor" 

system of special components, tools, and mobile 
manipulators is used for remote maintenance. Key 
elements of this system include highly maneuverable and 
flexible manipulators mounted on a remotely controlled 
hydraulic boom, remote-control television viewing 

systems, and remote crane controls. See another paper 
presented at this conference for more details: "ymote 
Handling at LAMPF," by D. Grisham and J. Lambert. 

Auxiliary systems require special attention at a 
high-intensity facility. Water-cooling systems must be 
designed for high levels of activation, including the 
generation of large quantities of tritium and IBe. 
Maintaining high-purity low-conductivity water systems 
is particularly difficult in high radiation areas. 
Vacuum systems cannot be exhausted into personnel areas 

Air activation (e.g., the 
;~od~~~~~o~t$,C '"Iv:;' 13N I6N 150, and 41Ar.) will 
occur where main ieams'or sfatteied beams pass through 
air. Waste products and trash from beam areas pose a 
hazard to personnel and precautions must be taken to 
protect the local environment. 

Target Cell Features 

LAMPF's intense beams place extreme operational 
requirements on pion-production targets, target cell 
components, and shielding. Targets and nearby 
components must operate at high temperatures in 'a 
vacuum and in intense radiation fields. During routine 
operation, the beam power is more than 500 kW, and 
nearly 1 MW of power was delivered during a recent 1200 
pA test run. This power is distributed between three 
target cells and the beam stop area, with the latter 
absorbing about Z/3 of the total. Target cell 

enclosures and components are water cooled, as are the 
vacuum window and the beam stop. Materials of choice 
include stainless steel for enclosures and Inconel 718 
for beam windows, with OFHC copper being used for 
collimators and the beam-absorbing plates of the beam 
stop. A drawing of the LAMPF beam stop design is shown 
in Fig. 2. No failures have been experienced with this 
design. Target box enclosures now employ a double-wall 
design with highly effective cooling provided by 
carefully directed water circulation between the two 
jackets. Regions of highest heat load have copper 
inserts that are welded directly to stainless steel. 
Fig. 3 shows the newest LAMPF target box, with 
collimated channels for two secondary beams (P3 and 
SMC) and a radiatively-cooled rotating wheel target. 
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Vacuum enclosures and collimators are subjected to 
heat-cycling to temperatures in the 300 C range, while 
temperatures of about 500 C have been observed on the 
main beam window. All-metal vacuum seals are located 
away from the high heating rates and are shielded for 
minimal thermal cycling. Water-cooled target boxes and 
beam line components at LAMPF ate more fully described 

;;;;;;;io;,f$=e prfoa~ref~acia"on andt~~hn:~~e*previ~~~ 

continually developed to increase operational 
reliability and lifetime, and schemes to ease 
installation, alignment, and removal by remote handling 
are steadily improved. 

Graphite targets of two different types are used 
for pion production at LAMPF. At two target cells, 
rotating-wheel radiation-cooled polycrystalline 
graphite targets are used, while a water-cooled 
pyrolytic graphite target is used at the third target 
station. Both of these basic target designs have been 
successfully developed to the point of high 
reliability. The principal design concern for the 
rotating target has been with the bearings. 
Satisfactory performance is now obtained from bearings 

using a proprietary powder metallurgy product 
containing MoS2. The principal concern for the 
stationary pyrolytic graphic target has been 
deterioration of strength and conductivity, accompanied 
by material swelling. This occurs in the small 
beam-spot area where thermal stresses and radiation 
damage are extreme. Target development _at L.AMPF and 
detailed descriptions of the target 

Proceedings4 
assemblies are 

given elsewhere in 
W% 

and in three 
previous publications. 

Magnets and beam diagnostic instrumentation must 
be able to survive the extreme radiation and heat 
conditions in the target cells. The8 

2 
devices are 

described elsewhere in these Proceedings. 
Massive shielding and high activation levels 

combine to limit very severely the opportunity to carry 
out routine trouble-shooting efforts. Electrical 
faults, vacuum leaks, cooling water leaks, etc., can 
and do occur deep within the shielding. Beam 
components are generally inaccessible quickly, and are 
always unapproachable. This necessitates the adoption 
of special techniques for diagnosing hardware problems. 
These include the use of redundant interlock systems, 
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special cabling, and the employment of uumerous 
prepositioned tubes that penetrate the ehielding to 
enable helium leak checking. 

\. wakr cDollllg FasEqs 

Fig. 2. LAMPF Beam Stop 

Fig. 3. A-2 Target Chamber 

Beam Diagnostics and Protection Systems 

A comprehensive system of beam diagnostics and 
beamline protection devices and instrumentation is in 
place for the high intensity primary beamline. In a 
paper of this length, only selected points can be 
mentioned. 
other papers “d~~‘o~:.‘n~~n~~~~e~,~r~~t~~ ‘“,$;; 

documentation in the literature. ’ 
In general, beam diagnostic instrumentation is 

used to obtain data, such as beam position,.spot sizes 
and losses, which are useful for tuning and monitoring 
important beam parameters. The emphasis here is on 
accuracy, large dynamic range (0.1-1000 PA), 
completeness and flexibility. Computerleed data 
acquisition, processing, logging, and display in the 
central control room are necessary features for 
effective control of the beam. 

Protection devices and instrumentation, while 
often useful for diagnostic purposes, have as their 
main function the prevention of physical damage to 
beamline components from errant, high-powered beams. 
Fast, automatic response, redundancy, fail-safe, highly 
reliable operation, and credibility with operations 
personnel are important criteria for the protection 
system. Personnel protection is a related, but 
separate, issue not discussed here. In the meson area 

beyond the switchyard, components of both systems must 
be long-lived, radiation resistant, and remotely 
serviceable. 

Beam profiles are obtained by sampling secondary 
emission signals from wire scanners or wire grids known 
as harps. Wire scanners are used in areas of hands-on 
maintenance, such as the beam switchyard, while 
radiation-hardened harps are in place in the primary 
beamline of the meson area. A schematic layout of the 
A-2 Target Cell is shown in Fig. 4. 

Fig. 4. Layout of the A-2 Target Cell 

Harps are located at the entrance and exit of the 
target cell and at two Interior points. The spot sizes 
obtained at these four locations are sufficient, in 
principle, for a complete determination of the beam 
envelope parameters including extrapolation to the 
production target. In practice, the uncertainties in 
the profile measurements and the magnet transport 
parameters combine to produce larger-than-desired, but 
still acceptable, uncertainties in the spot size 
estimate at the target. A profile measurement closer 
to the target would be desirable for greater accuracy; 
however, the difficulties of retrofitting and of 
operating close to the target are likely to prohibit 
any improvements in the near future. 

Beam currents are accurately (-1 pA) measured with 
toroids configured as beam current transformers. Beam 
halos or spills are sensed in the secondary emission 
guard rings located in front of collimators. In the 
lower-spill areas, such as the beam switchyard, beam 
spills are detected by scintillator detectors. 

The beamline protection system is composed of a 
number of fixed-aperture collimators for passive 
protection of components, plus hardwired 
instrumentation which detects unacceptable operating 
conditions and either shuts down the beam completely or 
automatically limits the current to acceptable levels. 
Typical locations for collimators are also shown in 
Pig. 4. Collimators ara the limiting apertures of the 
beamline ; they serve to shield components from 
excessive beam-induced heat loads and to reduce or 
limit spurious radiation-induced signals on 
instrumentation. 
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Anomalous overall beam losses which exceed preset 
tolerances are sensed by a hardwired transmission 
monitor based on beam current-sensing toroids. Beam 
spills are directly detected at specific locations by 
the system of secondary emission ,guard rings and 
scintillation detectors mentioned earlier. All of 
these instruments limit the average current through the 
so-called “fast protect” system. In this manner, the 
current is limited to a safe level, but enough beam is 
available for tuning or trouble-shooting. 

Temperature sensors are radiation-hardened 
thermocouples or thermal switches. Beam is 
automatically interrupted when excessive temperatures 
are sensed at critical locations, such as a vacuum 
flange or the vacuum window at the end of the beamline. 
Poor vacuum interferes with proper functioning of 
harps, guard rings, and current monitors. Poor vacuum 
results in more rapid oxidation of targets and is often 
a precursor of greater difficulties. For these 
reasons, beam is also interrupted when the primary 
beamline vacuum exceeds lo-* Torr. 

Sensor data and status information from the 
protection system are acquired by the central control 
computer for logging and monitoring purposes; however, 
we do not rely on computer processing for the decision 
to interrupt beam. Dedicated analog electronics and 
hardwired logic elements process signals and 
automatically interrupt the beam when pre-established 
conditions are detected. Operating experience for 
several years has shown this to be an effective system. 
If has prevented major damage from the effects of high- 
powered errant beams. 

Operating Experience 

LAMPF has been operating at high intensity for 
more than five years, with average currents gradually 
climbing from 300 ,A in early 1978 to periods of 700 ,A 
operation in late 1982. A high intensity beam test was 
carried out successfully at 1200 nA in February 1983. 
Beam availability has been close to 90% during recent 
production runs.- The yearly operating time, which is 
sharply dependent upon budgetary strength as well as 
major maintenance needs, will fall off to well below 
3000 h of high-intensity research in 1983 after several 
years in the 3400 h range. In a typical year about 60 
nuclear science experiments are carried out by about 
450 scientists, most of whom are members of university 
research teams. The experimental areas can serve 10 to 
12 simultaneous experiments, exclusive of pulsed 
neutron experiments at the WNR facility. The record of 
LAMPF’s high intensity operation to date is presented 
in Fig. 5. 
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Fig. 5. LAMPF High Intensity Operation 

After reaching production currents of 500~ A 
several years ago, LAMPF’ 8 management chose to 
emphasize high reliability and research output instead 
of increased intensity. Target cell and beam stop 
components that were marginal are being replaced or 
upgraded as beam schedules and resources permit. The 
normal production current for the near future is 
expected to be 700 to 900WA. 

Through the development of increasingly advanced 
remote handling techniques, and through the practice of 
good staff discipline, it has been possible to hold 
radiation exposures to maintenance personnel to limits 
that have not increased during the past six years--a 
period when hardware activation has increased an order 
of magnitude. 

LAMPF’s basic schedule has been changed to a 
format of long running periods (-6 months) alternating 
with long shutdowns during the 1982-1985 period. Such 
a schedule allows lengthy major improvements to be 
carried out, and also results in some economy of 
operation through the reduction of tune-up and checkout 
periods. In a major facility upgrade that required a 
full remote handling approach, LAMPF’s A-2 target cell 
was completely rebuilt during the 1983 long shutdown. 
This will be followed by the replacement of ‘the A-l 
target cell in 1984 and a major revision of the beam 
stop facility in 1985. 

Neutron Facilities at LAMPF 

Although a major research program utilizing 
spallation neutrons is based at the Weapons Neutron 
Research Facility (WNR), described elsewhere in these 
proceedings,* there exists at LAMPF additional 
opportunity for realizing a spallation neutron flux. 
At present, at the beam stop area (Target Station A-6), 
it is possible to emplace samples in a neutron flux of 
-1 x 1017 m-2s-l.13 Line of sight apertures are 
available at 5o and 135O relative to the direct proton 
beam. Neutrons, as well as protons, pions, and other 
secondaries, .are generated as the incident proton beam 
(-745 MeV at 500-700 DA) interacts with isotope 
production targets and finally with the beam stop. 
These facilities have been used for a limited number of 
radiation damage/effects studies, as well as for 
neutron flux and spectrum measurements. 

Now, a major upgrade of the beam stop area is in 
progress. This effort has practical application for 
LAMPF: improved environment for beamline diagnostics, 
improved shielding, the elimination of cracks to 
capture activated gas, remote handling and shielded 
transport of radioactive material, and rapid 
repair/replacement of components or experimental 
hardware. 

A new facility for both direct proton and neutron 
radiation effects studies, improved facility for 
high-speed (“rabbit”) and ultra-high-speed (“gas-jet”) 
isotope identification, and access for additional 
experiment initiatives in nuclear and solid state 
physics, will be provided at the upgraded beamstop 
area. 

All penetrations into the new target chamber are 
vertical shield plugs that support individual 
experiments or beam line components. A basic design 
criterion is that all services, including cooling water 
and controls needed for equipment and experiment, be 
carried with the shielded insertion plug for the 
component that they service. All connections will be 
made at the top of the shield plug. The line-of-sight 
capability has been retained. 

The new design is shown in schematic form in 
Fig. 6. Handling and subsequent transport of 
radioactive material is accomplished by employing a 
remotely-operated bottom-entry shielded cask, shown 
schematically in Fig. 7. 
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Fig. 6. Schematic layout of the new 
LAMPF Target Station A-6. 

Fig. 7. Schematic showing the removal of a shield 
plug and experiment. Note the scale. 

As an aid in the design of this facility, Monte 
Carlo calculations (2) using the Monte Carlo Code for 
the Transport of Neutrons and Protons (MCNP) and the 
High Energy Transport Code (HETC) were done to give an 
estimate of the expected neutron and secondary particle 
flux and spectrum at all locations in this facility. 
These results were used to design the placement of 
water-cooled shielding. 

Fig. 8 shows an example of the results of the 
calculation. This histogram predicts the neutron flux 
and spectrum adjacent the second isotope production 
target. This location was found to have the maximum 
neutron flux in the facility, according to the 
calculation. Here, with LAMPF at 1000 p A, the 
integrated neutron flux was calculated to be 
-. 5 X 1017 ma *-l.14 Notice that substantial numbers of 
high energy 020 MeV) neutrons will be available. 
Twelve independent penetrations into this neutron area 
will be available. 

ENERGY (MEW 

Fig. 0. Neutron flux and spectrum near the second 
Isotope Production Stringer calculated 
with MCNP and HETC. 

Plans call for the completion of this facility in 
spring 1985. Several experiments have been identified, 
including a systematic study of materials intended for 
the German spallation neutron source (SNQ) target 
wheel.. 
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Summary 

The Intense Pulsed Neutron Source (IPNS) has operated 
since May, 1981, using two Zircaloy-2 clad uranium 
targets, their light-water cooling systems and various 
moderator-reflector systems. IPNS has two independent 
facilities, the Neutron Scattering Facility (NSF) and 
the Radiation Effects Facility (REF). This paper 
describes these IPNS facilities, the Neutron 
Scattering ,Moderators, and operational experiences 
with the systems. 

Description of Neutron Generating Systems 

The prpton acceleration process begins with production 
of H ions in the ion source; these are accelerated 
to 750 KeV in the Cockroft-Walton preaccelerator and 
further accelerated to 50 MeV, in the linear 
accelerator. At injection into the rapid cycling 
synchrotron, two electrons are stripped off in a thin 
polymer foil and the resulting proton is accelerated 
to an energy of 400-500 MeV. All of the protons are 
extracted in a single revolution so that very short 
(100 nano-seconds) pulses of protons are delivered to 
the uranium targets. This process is repeated 30 
times per second. The proton beam passes through an 
aluminum vacuum window at the end of the proton 
transport line into the IPNS neutron generating 
system. A switching magnet just before the vacuum 
window diverts the proton beam 5O either to the right 
or to the left into the chosen uranium target. 
Between the switching magnet and the targets is a 
proton beam gate to guarantee exclusion of proton beam 
from the non-operating target in case of switching 
magnet failure. Also in front of each target is a 
proton beam diagnostic well containing instruments 
(PAS/SWIG) designed to assure that the proton beam 
characteristics (position and size) are proper before 
impinging on the targets. 

The IPNS Zircaloy-2 clad uranium targets have. been 
in use in both’the neutron scattering facility (NSF) 
and radiation effects facility (REF) since startup 
(1981). The depleted uranium targets consist 
of eight 25 mm-thick, 100 mm-diameter uranium alloy 
disks, clad with 0.5 mm Zircaloy-2, (1.5 mm on 
circumference) cooled by demineralized water flowing 
in 1 mm channels between the disks. Disks 1, 3, 5, 
and 7 contain small, steel-sheathed thermocoup’les in 
zircaloy wells at their centers. 

The thermocouples in disks 1 and 3 provide diagnostic 
information. The disks are housed in a 304 stainless 
steel vessel. The two targets are identical except 
for a 90° rotation about an axis parallel to the 
proton beam. 

Demineralized water for target cooling is provided by 
two separate, but identical, closed-loop water systems 
that transfer target heat to a secondary water cooling 
system. Each system has a primary pump, heat 
exchanger, a helium-gas covered surge tank equipped 
with a hydrogen recombiner, storage tank, ion exchange 
column, filters, piping and associated valves, as well 
as necessary control and diagnostic instrumentation. 
The systems are sealed inside a 6 ft3 aluminum box. A 
Geiger counter mounted near the ion exchanger, 
monitors gross gamma activity primarily due to 
positron-annihilation and nitrogen 16 gamma rays. In 

case of target clad failure, the level of accumulated 
fission products in the target coolant ion exchanger 
and surge tank cover gas is an indication of the 
target cladding integrity. 

The cover gas from the surge tank is also circulated 
outside the biological shield to a NaI gamma ray 
detector and then returned to the surge tank. The 
circuit provides a 180 minute holdup time which allows 
decay of the intense short-lived gaseous activity 
(13N “C, etc.) generated by the reaction of protons 
and ‘neutrons with the cooling water and dissolved 
gases. The 250 KeV gamma rays associated with the 
decay of 13’Xenon are then measured, whose presence in 
the gas above the surge tank has been determined-to be 
the most sensitive on-line indication of’ fission 
products leaking from the target. The fission yield 
of 135Xenon is high; the specific activity ‘is high; 
and xenon, as a gas, moves readily through very small 
openings in the target clading. The fission product 
monitor is backed up by grab samples from an on-line 
gas sampling station. The cover gas in the surge tank 
exhausts through a holdup device, a HEPA (High 
Efficiency Particulate Air) filter, the neutron 
facility ventilation exhaust blower and then exits to 
the exhaust stack. A stack monitor is located in the 
exhaust gas stream to monitor the effluent. 

The neutron generating facilities and target support 
systems are surrounded by a biological shield 
which provides structural support, shielding, and 
physical protection against damage from external 
forces. The biological shield consists of an inner 
steel shield (1100 tons) immediately surrounding the 
neutron generating system components and an outer 
concrete shield (50 tons). The steel shield is 
enclosed in an atmospheric control tank which 
functions as the boundary of the shield atmosphere 
control system, which is operated at slight- vacuum. 
The shield is designed to limit radiation dose rate at 
any accessible location in the experimental area from 
all radioactive sources within the shield during 
normal operation to 0.5 mrem/hr. The shielding also 
keeps the background levels at the neutron scattering 
instruments to a minimum. 

Neutron Scattering Facility (NSF) 

In the neutron scattering facility, the fast neutrons 
produced by fission and spallation reactions in the 
target are thermalized by moderators (with a high 
hydrogen density) located above and below the target. 
We have used two types of moderators. One type 
consists of four, ambient-temperature polyethylene 
moderators with an inner graphite reflector. The 
second consists of four 100 K circulating liquid CH4 
moderators with an inner 100 K beryllium reflector. 
These moderators dare surrounded by an outer, 300 K 
beryllium reflector. Twelve horizontal neutron beam 
tubes and one vertical neutron beam tube view selected 
faces of the moderators to provide neutron beams to 
instruments. Each horizontal beam tube contains a 36” 
thick steel beam gate. Two vertical holes (VT3 and 
VT4) and two horizontal holes (F-6 and H-2) may be 
used for sample irradiations. A polyethylene insert 
has been added to one of the vertical holes to enhance 
the neutron flux and has resulted in an increase in 
the thermal neutron flux by a factor of two. 
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Radiation Effects Facility (REF) 

In the radiation effects facility, the neutrons 
emitted from the target pass into high density 
reflector materials (lead) which maximizes the fast 
neutron flux within irradiation holes, two vertical 
(VT1 and VT2) and one horizontal. Thimbles are 
provided to permit samples to be inserted and removed. 
Two vertical tubes are equipped for irradiation of 
samples at controlled temperatures between 4 K and 600 
K; the horizontal tube operates only at ambient 
temperature. 

Control and Monitoring Systems 

The control system for IPNS consists of 1) a mini- 
computer for processing information, 2) a hardwired 
data input/output system for gathering information 
providing for control and proton beam shutdown and 3) 
a Cathode Ray Tube display and keyboard. The computer 
also fills a backup role to the separate hardwired 
proton beam shutdown system by providing alarms and a 
software proton beam shutdown. 

Moderators 

The moderator-reflector assembly used during the first 
year was of room temperature polyethylene with 
graphite reflector. This was installed to allow 
modification of the beryllium-reflector L-CH,-L-Hz 
system, which we discovered would not function as 
designed. 

After 15 months operation, the polyethylene moderators 
and graphite reflector assembly was removed from the 
NSF during the August, 1982 shutdown. The poly- 
ethylene-graphite assembly had three ambient-temper- 
ature poly moderators, with inner graphite reflector 
and outer beryllium reflector, and cadmium decoupling 
and void liners throughout. This assembly did not 
provide a vertical beam moderator. Upon removal of 
this assembly, the radioactivity levels were found to 
be 40 mr/h to 120 mr/h on the two steel shield plugs 
above the reflector and 200 mr/h at 5 cm for the 
graphite-poly assembly. These parts were bagged and 
stored in shielded containers. The removal procedure 
was relatively easy with the only surprise being loose 
rust contamination around the top area of the 
moderator well. Activity levels ranged up to 2 x lo3 
dis cm2/min $y with no detectable o contamination. 
These areas were wiped down (wet) and covered with 
anti-rust paint to reduce the spread of activity. It 
was thought that the areas where the rust was found 
were in a helium atmosphere. We investigated the 
operation and integrity of the helium system. The 
system was found intact and the helium flow increased. 
Our best guess for the cause of the rust was that the 
two concrete and lead shot filled, steel cased shield 
plugs were not dried long enough to rid the concrete 
of its moisture and the moderator housing was not 
sealed properly so as to let air leakage in via the 
neutron facility ventilation system. 

The liquid methane moderators and inner beryllium 
reflector assembly were checked, tested and cycled 
three times using its refrigeration equipment before 
it was installed in the NSF facility. In process of 
testing, we found that the “L-Hz” systems could not 
operate at 20 K while the “L-CHd” systems operate at 
100 K. We decided to forgo use of 20 K L-H2 
moderators, and to operate all four moderators with 
100 K L-CH*. All tests then indicated that reliable 
operation could be expected. The proton beam was put 
on the NSF target from 29 September to 4 October 1982 
(total of 2.17 x 10ls proton pulses) with a proton 
energy of 400 MeV. After two days of beam on target 
the flow to “H” moderator showed degradation, by the 

fourth day the flow was blocked. Various attempts to 
restore flow were tried including cycling the throttle 
valve (thought to have frozen due to moisture), 
changing liquid nitrogen flow to the heat exchanger, 
and bypassing part of the methane flow. All attempts 
were to no avail. The facility was shutdown and the 
moderator systems were warmed up. The methane gases 
were circulated, gas samples were taken and the 
methane gas was changed. The original methane charge 
was Grade 4.2: methane (CHI) 99.992X, nitrogen (N2) 20 
ppm, oxygen (02) 4 ppm and ethane (CzHs) 12 ppm. The 
new charge was Grade 4 99.95% methane (CHI) and would 
not result in a significant change in impurity levels. 

After another attempt at operating the system we 
decided the problem was the plugging of the 15 micron 
filters which were located in the weld-sealed, 
evacuated heat exchanger box. These filters were 
removed and replaced by 90 micron filters. The new 
filters were relocated in an accessible part of the 
system and fitted with easily removed slip couplings. 
Proton beam was again delivered to the system and 
flows to the 4 liquid methane moderators at 100 K were 
much improved. Prior to this run, we also changed the 
90 micron filters to assure ourselves that we had 
cleaned the foreign’ residue from the system (see 
picture). Samples of the methane gas were also taken 
again. 

This photo is a magnification (70X) focusing on 
large particles in the upper right quadrant. Light 
colored regions indicate a non-conductive material. 

From 7 December to 21 December the system ran with 
proton beam on target; the 4 methane moderator systems 
ran with no problems. A significant increase in the 
neutron flux was seen (factor of about 8 at 58). 
Experiments that were run at this time indicated 

that the larger moderator, (thicker in the direction 
of the neutron beam) resulted in an increase in time 
width of the pulse that degraded the resolution in the 
powder diffractometers. This led to the decision that 
the moderators would be reworked. During the last 
operating cycle on the methane system, we erected a 
vacuum line to test the solubility of various boron 
compounds in cryogenic moderator fluids to seek an 
easy fix to the degraded resolution problem on the 
powder instruments. No practical solution was found. 
Methane gas samples were taken after the run. 
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Table 1 - Summary of Mass Spectrometer Measurements 
on Irradiated CH4 

Mole % 
Other 
Hydro- 

Mole % Mole % Mole % Hole % Mole % carbons Hole % 

CH4 H2 C2H6 C3H6 C4HlO (Cn,nW H20 
Irradiation 
Conditions Moderator 

After 2.2 x 
1019 protons 
on target 

H 99.6 - 
F 98.8 - 
C 99.6 - 
V 99.3 - 

After 5.2 x 
lOI6 protons 
on ,target 

H 99.2 <.06 
F 99.1 c.06 
C 99.1 <.06 
V 99.3 c.06 

0.3 0.1 
0.9 0.2 
0.3 0.1 
0.5 0.2 

0.4 0.2 
0.2 0.08 
0.5 0.3 
0.5 * -0.1 

After add’1 
4.6 x 1019 
protons 

F ‘99.8 - 0.2 0.03 
V 99.8 - 0.2 0.01 

After add’1 
4.8 x 1Org 
protons 

H 98.0 1.5 0.4 0.06 
F 97.9 1.5 0.5 0 ..06 
C 99.1 0.7 0.2 to.02 
V 98.4 1.2 0.3 -0.04 

Prior to changing of the in-line filters, there was a 
concern that flow problems were due to possible heavy 
hydrocarbon buildup, but the gas samples taken at 
various times proved that this buildup was minimal. 
The mass spectrometer analysis of the methane prior to 
irradiation was CH4 99.9, HsO 5 .02, N2 + CO < .Ol, 0, 
.005, Ar < .005, C0s < .005, Hs O.O,, CnHs 0.0, C3Hs 
0.0, C4H10 0.0, other hydrocarbons < .05. These 
numbers are in mole percent. The r&.ults of the 
analysis after irradiation are given in Table 1. 
ANL’s chemical analytical lab ran tests on the used 
filters and recommended a cleaning agent for cleaning 
hydrocarbon buildup if needed. The most effective 
solvent for cleaning seems to be tetrahydro-furan. 

one year. The exposure rate is expected to decrease 
by 4 18% the first month and * 6 % for the first year. 
Monthly readings taken by the radiation safety people 
on the moderator has shown these calculations to be 
fairly accurate. The moderator as of August 1983 
reads % 565 mr/h $y. At this time we have not 
decided whether or not to rework the moderator seen by 
the powder diffractometers. 

Primary Water Cleanup Ion Exchange System and 
Water and Gas Sampling Program 

One other minor problem was the activity level of 
rlCarbon that built up in the heat exchangers during 
operation. Activity levels up to 250 mr/hr Sy were 
measured. If this system would operate continuously, 
shielding would need to be added around the heat 
exchangers. 

Each of the two target cooling systems has a prefilter 
made up of three (3 micron) cartridges. Approximately 
25% of the total system flow (50 gpm) goes through 
this filter housing with the remaining flow through a 
bypass line around the filter. 

The polyethylene graphite beryllium moderator assembly 
was modified to provide a vertical moderator (LNx 
cooled polyethylene) for the ultracold neutron experi- 
ment. Also, new polyethylene moderators replaced the 
ones inserted August 1981. This system has been in 
operation since February 1983 till August 1983. 

During this summer shutdown, August-September 1983, 
we are building a new graphite/polyethylene reflector 
moderator system. The new system will have an I.-Ns- 
cooled polyethylene moderator in the “C” position. 
This should provide a hi her 

I 
intensity of long wave 

neutrons to the SAD, He and polarized neutron 
instruments. 

The removal of the methane/beryllium moderator from 
the NSF went well; levels of radiation were 2.1 R/h at 
5 cm By. A portable hyperpure germanium detector and 
8 K multichannel analyzer were used to identify pre- 
dominent radioactive nuclides. Using the observed 
relative intensities and known values for exposure 
rate per unit activity and gamma’s per desintegra- 
tions, the relative contribution of the observed 
nuclides was calculated. Using the respective values 
for half-life, the time dependence of the radiation 
field was estimated for several points in time up to 

Down stream from the pre-filter is a motorized valve 
which is set to divert some of the water (l-10 gpm) 
thru a mixed resin bed. The resin column contains * 
1.9 cubic feet of Illinois Water Treatment #R-6 (HOH) 
resin. Part of the total flow is also.diverted to a 
water quality-sample station with an on-line con- 
ductivity instrument then returned to the main flow 
stream. Water samples for checking Ph and radio- 
activity can also .be taken at this station. All 
primary flow then passes through an after-filter made 
up of three (3 micron) sintered stainless steel 
cartridges. This after-filter’s primary function is 
to stop any resin that might escape from the ion 
exchange which could possibly plug the target flow 
channels. The resin in the ion exchangers has been in 
the system since startup of IPNS. These resins have 
kept the deionized water used in the primary system at 
a conductivity level below .1 pmho’s and a Ph of * 
6.8. 

Since we are concerned with the U target and the 
possibility of a target clad failure, we decided to 
periodically remove a sample of resin from the ion 
exchanges so it could be analyzed for uranium content. 
The methods used are (EDXRF) x-ray fluorescence and 
gamma-ray analyses. The fluorescence. method is the 
most sensitive. A sample of factory-fresh resin 
showed 20 nanograms/gram uranium by x-ray fluorescence 
and none detected by gamma-ray analysis. Samples of 

0.1 
0.02 
0.1 
0.02 

0.003 
0.002 

c.02 c.05 
.08 .02 

c.02 c.03 
c.02 c.03 

<.03 
c.03 
c.03 
c.03 

c.03 
c.03 

CO.02 - 
-0.02 - 
CO.03 - 
0.04 - 
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the system resins ranged from 22 to 53 nanograms/gram 
over a two year period. Gamma-ray analyses showed 
various isoto es 
51Mn, 57Co, $ 

that one might expect 7Be, 46Sc, 
5 Cu, and ‘*Y, but no detectable fission 

products. We feel this is a good operational diag- 
nostic tool. 

The primary water samples that are taken periodically 
are analyzed for radioactive nuclides dissolved or 
suspended in the water. After several hours decay, 
the most significant activity in the water is ‘Be, 
and 3H. Other nuclides in much lesser amounts are 
detected but the purpose of these analyses are for 
evidence of target clad failure. These analyses have 
also given no evidence of target clad failure. Lead 
shielding was added around the ion exchangers and 
dense concrete shielding put on top of the primary 
water coolant boxes to reduce the high gamma-levels 
produced primarily from 7Be from the water (i.e., 
spallation product). 

The gas sampling program has also been conducted 
since startup of IPNS. Gas samples from the primary 
coolant cover gas are taken periodically during 
operation. The samples are analyzed for radioactive 
gases and act as a backup to the automatic fission 
product monitor. These samples are also analyzed for 
any possible hydrogen buildup in the cover gas. The 
analysis of the grab samples has shown presence of 
76Kr, 77Kr, 7gKr and 41Kr. The samples are analyzed 
after the very short half-life nuclides such as r3N, 
isN is0 
gasious 

and llC are allowed to decay. 
duclides 

No other 
have been detected. Typical concen- 

trations of 77Kr are 5 x 10-51_lCi/ml and 41Ar 1 x 
10-41.1Ci/ml. 

A mass spectrometer determines Ht concentration. 
The He concentration is typically less than 0.5%. The 
experience with hydrogen buildup that we encountered 
with the Zing-P’ cooling system has not occurred with 
the IPNS cooling systems. Possible causes for elimin- 
ation of the hydrogen buildup are the HOH resins that 
we now use, the better gaseous mixing device installed 
in the surge tank, the addition of pre-heating the 
palladium-coated aluminum oxide pellets in the 
recombiner, and the Zircaloy-2 clad of the uranium. 

‘Therefore it remains a mystery why we found the excess 
hydrogen at Zing-P’ and essentially none at IPNS. 

Uranium Targets 

The uranium targets have functioned trouble free. Two 
situations have occurred that are worth mentioning. 
During the early testing of the cold methane 
moderators the coolant flow to the NSF target was 
shutdown for the night. A casual check of target 
temperatures indicated that they were very close to 
freezing. This happened because a thermal short 
developed between the 100 K surfaces in the moderator- 
reflector assembly and the outer surface on which the 
target housing rests. The moderator systems were 
shutdown for the night and allowed to warm up. We 
then visually inspected the target to assure it was 
not damaged and took photographs of the target. 
Target flow was reestablished and various target 
system parameters were checked. One should make 
sure that standard operating procedures are estab- 
lished when the target coolant systems are operating 
and the cold moderators are operating. An option is 
to install an interlock between the two systems. 

The second operating experience that occurred recently 
(within the last few months) was that two thermocouple 
readouts to each of the targets opened. We investi- 
gated this during our present shutdown and discovered 
corrosion at the thermocouple connection. These 
connectors were cleaned and the readouts returned to 

normal. We hope to prevent reoccurrences of this 
problem by adding an interlocking neoprene boot around 
the connector, and also bagging the connector in an 
inert atmosphere. The junctions themselves, within 
the target disks, were not involved nor affected. 

Proton Beam Diagnostic Systems 

The purpose of this system is to provide safe beamline 
operation and to prevent “hot spots” on the targets. 
The beamline performance is assessed by a position and 
size (PAS) monitor (ionization monitor) and a 
segmented wire ionization chamber (SWIC). The PAS 
produces proton beam shutdown signals for beam too 
small, too large or off axis. The SWIC produces a 
separate signal to obtain two profiles from which are 
obtained the beam size and position in the horizontal 
and vertical planes. Each target is equipped with,a 
PAS and SWIG in the diagnostic well. 

These monitors have been very reliable but as 
mentioned in previous sections of this paper, 
corrosion in these wells had been a problem. These 
wells are made of steel and have a helium supply 
system. The helium supply was inadequate, so an 
additional helium line was added to directly blow 
inert gas on the diagnostic monitors. The steel 
shield plug was sprayed with molykote molybdenum 
disulfide compound to decrease rust and other 
corrosion buildup. 

The point to be made here is that during construction 
stages the steel should be coated with some anti- 
corrosion agent, painted or even electro-plated. This 
would make life much easier for operations personnel 
who have to maintain equipment located in these 
environments. 

Stack Monitoring System 

The IPNS stack monitor system serves three purposes. 
Primarily, it provides real time information on the 
radioactivity being released up the stack along with 
alarm capability to alert operating personnel to a 
problem. Second, it provides record documentation 
to support required reports of the total quantity of 
radio-nuclides released to the environment in the 
gaseous effluent from the IPNS. Third, this system 
provides a measure of backup monitoring and alarm 
capability for the target coolant and the ion exchange 
resin monitoring systems to trigger an alarm in the 
event of a major release of radioactive nuclides 
through these systems. 

The IPNS stack monitor is composed of a set of 
radiation detectors on a sampling line designed to 
quantitatively measure the radioactive gases and 
particulates in the stack effluent of the IPNS. The 
system includes the air pumps, flow control, signal 
processors, data readouts, p ower supplies and piping, 
and electrical interconnection between components. 
The air pump pulls a continuous sample from the stack 
effluent stream, downstream of the HBPA filters, and 
passes it sequentially through a particulate filter, 
an activated charcoal gas adsorbent, and a noble gas 
counting chamber before returning the sample flow to 
the stack. The sample flow rate is controlled to be 
isokenetic with the flow of the effluent stream. The 
materials collected on the particulate filter are 
counted for S activity with a plastic f3 scintillator 
(50 mm diameter x 4 mm thick)/photo tube assembly. 
The activated charcoal adsorber is continuously 
counted for )( activity with a NaI(T1) (50 mm x 50 mm) 
scintillation detector. The “300 cm3 noble gas 
chamber is continuously counted for fl activity with a 
similar plastic B scintillator. All three detector 
channels are provided with background compensation to 



- 289 - 

reduce the effects due to changes in the ambient y ray 
background. Each detector is shielded by a minimum of 
5 cm of lead in the form of fine shot contained in a 
welded steel box. 

The output data from each counting channel is sent to 
the IPNS central control CAMAC system, at one minute 
intervals. The display readout is provided in the 
IPNS main control room either on operator command or 
whenever one or more alarm points are exceeded. 

The readout is printed at the terminal once each hour 
when all operating conditions are within normal range. 
Under abnormal conditions, e.g., an alarm point 
exceeded, the channel data is printed once each 
minute. The format for the channel data printout is 
digital and graphic in form with time of day and six 
channels of data being printed and the data graphed 
on the same line of print 

The stack monitor is a good diagnostic tool for 
operations personnel. After background and running 
limits are set, operations personnel can also be 
alerted to changes various experimenters make on the 
instruments, i.e., off gassing from pumps, warming 
up and pumping out of cryostats etc. The stack 
monitor can also act as a backup to the fission 
product monitor. 

Conclusions 

The Neutron Generating Systems have operated without 
serious trouble since the startup of IPNS. The 
original cold moderator system as designed would 
need extensive changes, especially to the liquid 
hydrogen moderator hardware. The available sub- 
cooling was also marginal for the liquid methane 
moderators. Therefore, with the prospect of an 
increased heating load from an enriched uranium 
target, a new cold moderator system will be designed 
and built. 

l 
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